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PREFACE 

The J o i n t  Univers i ty  Program f o r  A i r  Transportat ion Research i s  a coord ina ted  
s e t  of t h r e e  g r a n t s  j o i n t l y  sponsored by NASA Langley Research Center  and t h e  Federa l  
Aviat ion Adminis t ra t ion,  one each wi th  Massachusetts I n s t i t u t e  of  Technology 
(NGL-22-009-640) , Ohio Universi ty  (NGR-36-009-017) , and Pr ince ton  Univers i ty  
(NGL-31-001-252), to  support  t h e  t r a i n i n g  of s t u d e n t s  f o r  t h e  a i r  t r a n s p o r t a t i o n  
system. These g r a n t s ,  i n i t i a t e d  i n  1971, encourage t h e  development o f  innovat ive  
curriculums and suppor t  t h e  es tab l i shment  of graduate  and undergraduate r e sea rch  
a s s i s t a n t s h i p s  and in t e rnsh ips .  

An important  f e a t u r e  of t h i s  program i s  t h e  q u a r t e r l y  review, one he ld  a t  each 
of t h e  schools  and a f o u r t h  a t  a NASA or FAA f a c i l i t y .  This  l a t t e r  review f o r  1983 
w a s  he ld  a t  t h e  Federa l  Aviation Administration Technical  Center ,  A t l a n t i c  C i ty ,  N e w  
J e r s e y ,  December 16 ,  1983. A t  t hese  reviews t h e  program p a r t i c i p a n t s ,  both graduate  
and undergraduate ,  have an oppor tuni ty  to  present  t h e i r  research  a c t i v i t i e s  t o  t h e i r  
pee r s ,  p r o f e s s o r s ,  and i n v i t e d  gues t s  from government and indus t ry .  

This conference pub l i ca t ion  r ep resen t s  t he  f o u r t h  i n  a series of y e a r l y  sum- 
maries of t h e  ac t iv i t ies  of  the program ( the  1982 summary appears i n  NASA CP-2285). 
The ma jo r i ty  o f  t h e  material is t h e  e f f o r t  of t h e  s tuden t s  supported by t h e  g ran t s .  

Three types  o f  con t r ibu t ions  are included. Completed works are represented hi7 

f u l l  t e c h n i c a l  papers.  Research previous ly  i n  t h e  open l i t e r a t u r e  ( f o r  example, 
t heses  o r  j o u r n a l  ar t ic les)  i s  presented  i n  an annotated bibl iography.  S t a t u s  
r e p o r t s  of  ongoing r e sea rch  are represented  by copies  of  viewgraphs augmented wi th  
a b r i e f  d e s c r i p t i v e  t e x t .  

U s e  of t r a d e  names or manufacturers i n  t h i s  r e p o r t  does n o t  c o n s t i t u t e  an 
o f f i c i a l  endorsement of  such products  or manufacturers, e i t h e r  expressed or implied,  
by t h e  Nat iona l  Aeronautics and Space Administration o r  t h e  Federa l  Aviat ion 
Adminis t ra t ion.  

Freder ick  R. Morrell 
NASA Langley Research Center 

WiECEDlffi PAGE R A N K  NOT FILMED 
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INVESTIGATION OF A I R  TRANSPORT TECHNOLOGY AT 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 1983 

Robert W. Simpson 
Direc tor ,  F l i g h t  Transportat ion Laboratory 

Massachusetts I n s t i t u t e  of  Technology 
Cambridge, Massachusetts 

SUMMARY O F  RESEARCH 

Runway Approach Guidance Using Loran-C 

1.0 In t roduc t ion  

For 1983, r e sea rch  a c t i v i t y  i n  t h e  NASA J o i n t  Univers i ty  Program f o r  A i r  Trans- 
p o r t a t i o n  Technology has concentrated on severa l  t o p i c s  connected wi th  i n v e s t i g a t i n g  
t h e  use of Loran-C f o r  f l y i n g  "pseudo-precision" approaches t o  runways a t  low d e n s i t y  
genera l  a v i a t i o n  a i r p o r t s .  These t o p i c s  have a r i s e n  i n  p repa ra t ion  f o r  a f l i g h t  t e s t  
demonstration o f  approaches to be flown a t  Hanscom a i r p o r t  i n  Bedford, Mass. The 
goal  of t h i s  r e sea rch  has evolved t o  determining the  l i m i t a t i o n s  i n  providing both 
c e n t e r l i n e  and a l t i t u d e  guidance f o r  runways i n  good Loran-C s i g n a l  coverage. The 
high Sat= rate (10 p e r  second) and good "repeatable"  accuracy (60 f e e t ,  10) of 
Loran-C i n d i c a t e  t h a t  it w i l l  be p o s s i b l e  t o  provide t h e  p i l o t  wi th  a continuous,  
c ros s  p o i n t e r  d i sp l ay  of guidance information s i m i l a r  t o  t h a t  provided by ILS/MLS, 
a t  least when good s igna l -noise  ratios and good geometry from Loran-C LOP'S (Lines 
of Pos i t i on )  e x i s t  a t  t h e  airport .  

The r e sea rch  goa ls  are t o  demonstrate approach guidance of  h igher  q u a l i t y  than 
p r i o r  demonstrations of where L-NAV approaches t o  t h e  airport i n  t h e  d i r e c t i o n  of t h e  
runway have been flown. The i n t e n t i o n  here  is t o  provide performance more s i m i l a r  t o  
ILS/MLS, and to  determine t h e  degradat ion of guidance performance as geometr ical  and 
s igna l -noise  f a c t o r s  degrade. With t h e  advent Qf very low c o s t ,  h igh performance 
Loran-C r c c e i v e r s  f o r  genera l  a v i a t i o n  to approach guidance for use i n  enroute  area-  
naviga t ion ,  it i s  t imely t o  explore  t h i s  appl ica t ion ,  s i n c e  t h e  r e s u l t s  may have 
pe r t inence  to  dec i s ions  on deploying MLS/ILS i n  t h e  NAS (Nat ional  Airspace System) 
and t h e  f u t u r e  role of GPS (Global Posi t ioning System) f o r  genera l  a v i a t i o n .  

2.0 Descr ip t ion  of  t h e  Concept 

The b a s i s  f o r  t h e  concept l i e s  i n  t h e  remarkable s t a b i l i t y  of  po in t s  l oca t ed  i n  
Loran-C T D  (T ime  Difference)  coordinates  over extended per iods  of t i m e .  P r i o r  work 
by s tuden t s  i n  t h i s  program ( see  r e f .  1) noted t h a t  t h e  r epea tab le  accuracy over  
long per iods  of  t i m e  w a s  a few hundred f e e t ,  and over  a s h o r t  du ra t ion  perhaps 
60 f e e t .  This  l e a d s  one to  t r y  to  use t h i s  s h o r t  t e r m  r epea tab le  accuracy and t h e  
high p o s i t i o n  rate of Loran-C by e s t ab l i sh ing  a local tangent  p lane  coord ina te  frame, 
centered  on t h e  touchdown po in t .  The loca t ion  of  t h e  o r i g i n  of  t h i s  coordinate  frame 
can be descr ibed  i n  Loran-C TD va lues  which a r e  publ ished and perhaps updated by the  
p i l o t  a t  the  t i m e  of i n i t i a t i n g  t h e  Loran-C approach. A s impler  conversion of Loran 
TD' s  can be made i n t o  t h e  l o c a l  tangentp lane  coord ina te  frame a t  high data r a t e s ,  and 
i s  independent of t h e  errors i n  modelling the E a r t h ' s  r e fe rence  e l l i p s o i d  and var ia -  
t i o n s  i n  s i g n a l  propagat ion v e l o c i t y ,  thereby avoiding some of t h e  major sources  of 
Loran-C error f o r  enroute  f ly ing .  
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The Loran-C rece ive r  can provide d a t a  a t  a rate of roughly 10 t i m e s  per second 
on cross- t rack and along-track p o s i t i o n  and p o s i t i o n  rate. 
f i l t e r e d ,  and combined with heading rate d a t a  i n  a microprocessor be fo re  genera t ing  
s i g n a l s  f o r  the a u t o p i l o t  or p i l o t  d i sp l ay .  Since d i s t ance  t o  touchdown is  known, 
the  nominal g l ide  s lope  a l t i t u d e  can be determined very accu ra t e ly .  This can be d i s -  
played separa te ly ,  o r  combined with s i g n a l s  from an encoding a l t i m e t e r  t o  d i s p l a y  t h e  
c u r r e n t  a l t i t u d e  devia t ion  t o  the  p i lo t .  Both c ross - t rack  and a l t i t u d e  dev ia t ion  
s i g n a l s  can be d isp layed  e l e c t r o n i c a l l y .  

This can be s u i t a b l y  

3.0 The Loran-C Approach Guidance Display 

A spec ia l  d i sp l ay  has been designed and cons t ruc ted  which uses  a microprocessor 
t o  i n t e r p r e t  data  from t h e  Loran-C r e c e i v e r  and d r i v e  bar-graph and seven-segment 
L E D ' s  d i sp l ay  un i t s .  The Loran-C r e c e i v e r  (Micrologic ML-3000) has been e s p e c i a l l y  
modified to  t ransmit  f i l t e r e d  d a t a  on TD and TD rate once p e r  second v i a  a RS232 
l i n k ,  and t h e  f i l t e r  cons tan ts  of t he  r e c e i v e r  can be s e t  by the  experimenter.  

Figure 1 shows t h e  c u r r e n t  layout  of t h e  f r o n t  panel  of t h e  Loran-C Approach 
Guidance Display i n  i t s  p r e s e n t  conf igura t ion .  The top  bar-graph LED d i sp lay  w i l l  
show r i g h t - l e f t  cross t r a c k  dev ia t ions  from t h e  runway c e n t e r l i n e .  The bottom LED 
w i l l  be used to  show cross- t rack  ve loc i ty .  The seven-segment LED d i s p l a y s  on t h e  
r i g h t  s i d e  of t h e  d i sp l ay  w i l l  g ive  numerical readout  of range t o  touchdown and 
g l i d e  s lope  a l t i t u d e .  The microprocessor program f o r  t h e  d i sp lay  has been w r i t t e n  
and t e s t e d  fo r  a c u r r e n t  vers ion  which uses  only Loran-C da ta .  Later developments 
w i l l  accommodate d a t a  from heading rate gyros and t h e  encoding a l t i m e t e r ,  and d i s -  
p lay  g l i d e  path dev ia t ion .  

There a r e  s e v e r a l  a l t e r n a t e  d i sp l ay  op t ions  which have been considered.  The 
o r i g i n a l  P-POD CRT d i sp lay  developed under t h i s  g r a n t  w a s  abandoned i n  favor  of  t h e  
new d i s p l a y  of f i g u r e  1. A d i g i t a l l y  dr iven ,  electro-mechanical round d i s p l a y  has  
a l s o  been constructed and w i l l  be flown t o  t es t  i t s  opera t ion .  I n  January 1983, 
Norry Dogan, an undergraduate a t  MIT, v i s i t e d  Langley Research Center  f o r  1 week t o  
work with Langley personnel  on cons t ruc t ing  the  d i sp lay  of  f i g u r e  1. 

During tha t  week, a d i sp l ay  case  w a s  b u i l t ,  p r i n t e d  c i r c u i t  boards were designed 
by Langley personnel from a p i n  diagram of t h e  d i sp lay  c i r c u i t  suppl ied  by MIT, and 
some software problems were solved.  The p r i n t e d  boards w e r e  subsequently manu- 
f ac tu red  a t  Langley Research Center. They r ep lace  t h e  w i r e  wrapped board b u i l t  a t  
MIT . 

F i n a l l y ,  a f l a t  pane l ,  b i t  mapped LCD d i s p l a y  (3-1/2" by 7" )  has been purchased 
f o r  genera l  experimentation; it w a s  planned i n  t h e  next  y e a r ' s  work t o  develop 
d i g i t a l  c i r c u i t r y  t o  c r e a t e  an approach d i s p l a y  using t h i s  device f o r  t h e  next  
y e a r ' s  work. 

4.0 The Flu id ic  Rate Gyro and Encoding A l t i m e t e r  

A f l u i d i c  r a t e  gyro o r i g i n a l l y  conceived a t  NASA Langley Research Center has 
been developed f u r t h e r  a t  MIT. Fur ther  modi f ica t ions  a r e  planned t o  improve i t s  
frequency response before  incorpora t ing  it i n  t h e  approach guidance system. The 
o r i g i n a l  thermistors  were modified t o  keep them a t  a cons t an t  temperature ,  and now 
they are being replaced with hot-wire elements with l e s s  thermal i n e r t i a .  
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A s  a r e s u l t  o f  a conversat ion between John Einhorn, another  undergraduate a t  
MIT, and M r .  Gary B u r r e l l ,  V i c e  P re s iden t  Engineering, King Radio C o r p .  a t  t h e  June 
1983 Research Progress  meeting a t  Ohio University,  MIT received a Model 5035 
e l e c t r i c a l  encoding altimeter. 
system by Einhorn i n  t h e  next year .  

It  w a s  t o  be incorporated i n t o  the  approach guidance 

5.0 Ground Survey of Loran-C Signals  a t  Hanscom F i e l d  

I n  t h e  pe r iod  November 1983 - January 1984 t h e  ML-3000 receiver w a s  mounted i n  
ground v e h i c l e s  f o r  var ious  prel iminary tests of  i t s  opera t ions .  D a t a  were d isp layed  
and s t o r e d  us ing  an Apple I1 computer, and l a t e r  p r i n t e d  out .  These t e s t s  showed t h e  
s h o r t  t e r m  accu rac i e s  of  t h e  r ece ive r ,  and i t s  t r a n s i e n t  response t o  speed changes of 
t he  ground vehic le .  Typical  da t a  obta ined  are shown i n  f i g u r e s  2, 3, 4 ,  and 5 where 
t h e  f i l t e r  cons t an t s  f o r  a slow moving vehicle  (marine)  and f a s t  moving v e h i c l e  
( a i r c r a f t )  a r e  being used. 

Figures  2 and 3 show the  t r a n s i e n t  response of  p o s i t i o n  d a t a  t o  a c c e l e r a t i n g  t h e  
veh ic l e  t o  a given speed, and then dece lera t ing  t o  a s t o p  f o r  t h e  t w o  f i l t e r s .  Fig- 
ures  4 and 5 provide some d a t a  on t h e  e f f e c t  of poor SNR (Signal  Noise Ratio) on t h e  
s tandard  d e v i a t i o n  of  s h o r t  term p o s i t i o n  data whi le  s t a t i o n a r y .  Notice t h a t  t h e  
a i r c r a f t  posi t ion d a t a  degrades from 0.07 psec (69 f e e t )  a t  good SNR t o  va lues  around 
0 .2  psec (196 f e e t )  when SNR i s  -20 dB. I f  the s h i p  f i l t e r  cons t an t s  a r e  used, t h e  
i i e a v y  s l m  f i l t e r  g r e a t l y  improves t hese  shor t  t e r m  s tandard  d e v i a t i o n s  to  va lues  of  
0.02 psec (20 feet)  a t  good SNR and 0.08 Vsec (80 f e e t )  a t  poor SNR. Fur the r  exper i -  
mentation i s  planned on these  d a t a  which w i l l  inc lude  information on T D  r a t e s  ou tpu t  
by t h e  r ece ive r .  The d a t a  ga ther ing  programs have been w r i t t e n  f o r  t h e  Apple Com- 
p u t e r ,  i nc lud ing  a Fast Four ie r  Transform coding which w i l l  p rovide  information on 
the  s p e c t r a l  d i s t r i b u t i o n  of those e r r o r  s igna ls .  

I--..--. 

I n  January,  a prel iminary ground survey of t h e  Loran-C s i g n a l  g r i d  around 
Hanscom f i e l d  w a s  c a r r i e d  o u t  t o  d i scove r  any anomalies,  and t o  measure t h e  TD 
g rad ien t s  from t h e  Caribou-Seneca and Nantucket-Seneca LOP'S. Touchdown p o i n t s  f o r  
a l l  runways were surveyed, a s  we l l  a s  a var ie ty  of p o i n t s  around the  per iphery  of 
the airport .  Figure 6 shows the  l o c a t i o n  of t h e  t es t  po in t s  a r o m d  t h e  a i r f i e l d ,  a s  
we l l  a s  t h e  Loran-measured p o s i t i o n .  The Airport  Reference Po in t  was chosen as t h e  
Loran r e fe rence  po in t ,  and i ts  T D ' s  ad jus ted  t o  o b t a i n  a zero mean e r r o r  f o r  a l l  
21  p o i n t s  surveyed. From these  da t a ,  it was discovered t h a t  anomalies of s e v e r d  
hundred f e e t  could e x i s t  a t  hangars ,  amongst trees, and on s lop ing  ground. This  sug- 
g e s t s  more e f f o r t  be expended i n  surveying t h e  airport, and t h a t  a ba l loon  p la t form 
should be cons t ruc t ed  t o  raise the  Loran-C antenna o f f  t h e  ground su r face  t o  s e e  i f  
t hese  s u r f a c e  anomalies d i sappear ,  and to explore t h e  f i n a l  approach airspace along 
the  g l i d e  s lope .  

I n  genera l ,  a good Loran-C g r i d  e x i s t s  a t  Hanscom f i e l d ,  and t h e  measured and 
c a l c u l a t e d  TD g rad ien t s  show e x c e l l e n t  agreement. For Seneca-Caribou, t h e  measured 
g rad ien t  w a s  161.5 m/psec, compared t o  t h e  t h e o r e t i c a l  ( v  = 1) 162.6 m/psec f o r  
Hanscom. For Seneca-Nantucket, t h e  measured g r a d i e n t  w a s  177.5 m/psec compared t o  
the  t h e o r e t i c a l  180.4. Since t h e  99% confidence i n t e r v a l  f o r  t h e  sample is  
t 6  m/psec, t h i s  d i f f e r e n c e  is n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  These survey p o i n t s  are 
to  be extended ( f i g .  6 ) .  'z 
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6.0 Computer Simulation of Loran-C Approach Fly ing  

F i n a l l y ,  a computer s imula t ion  of approach f l i g h t s  t o  Hanscom has been i n i t i a t e d  
t o  allow more d e t a i l e d  explora t ion  of t h e  e f f e c t s  of a l l  these  parameters on expected 
approach guidance. With the  knowledge of t h e  s i g n a l  geometry,' t h e  s t a t i s t i c a l  Loran 
d a t a  output  by t h e  r ece ive r  over space and t ime,  it w i l l  be p o s s i b l e  t o  explore  t h e  
e f f e c t s  of  crosswind, t h e  mixing of  heading rate and a l t i t u d e  s i g n a l s ,  etc. ,  and t o  
r epea t  many simulated approaches t o  s e e  t h e  average s t a t i s t i c a l  performance of t h e  
guidance system and d i sp lay .  

Reference 

I 1. Natarajan,  K. ,  U s e  of Loran C f o r  General Aviat ion A i r c r a f t  Navigation, 2/1981, 
MIT F l igh t  Transpor ta t ion  Laboratory (FTL) Report 81-2. 
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Figure  1. Loran-C approach guidance d i sp lay .  

F igure  2.  T rans i en t  response of marine f i l t e r .  
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Figure 3. Transient response of a i rc raf t  f i l t e r .  
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Figure 4. Effect of SNR on short-term TD variation. 
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Figure  5. Short-term v a r i a t i o n  i n  p o s i t i o n  versus  SNR. 
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Figure  6. Loran-C survey a t  Hanscom F ie ld ,  
r e s i d u a l  errors i n  touchdown p o s i t i o n .  
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DEVELOPMENT OF AN LED DISPLAY SYSTEM FOR CROSS-TRACK DISTANCE 

AND VELOCITY FOR LORAN-C FLIGHT 
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F l i g h t  Transportat ion Laboratory 

Massachusetts I n s t i t u t e  of Technology 
Cambridge, Massachusetts 

Abs t rac t  

Figure 1 i l l u s t r a t e s  i n  block diagram t h e  methodology for e s t ima t ing  c ross - t r ack  
v e l o c i t y  by combining rate-gyro and Loran-C d a t a .  
has e s t a b l i s h e d  va lues  f o r  

A t  p r e s e n t  pre l iminary  a n a l y s i s  
K 1 ,  K2 ,  t h e  parameters of t h e  d i g i t a l  c o n t r o l  loops.  

A computer program has been w r i t t e n  t o  implement a d i g i t a l  s imula t ion  o f  t h e  
system as i l l u s t r a t e d  i n  f i g u r e  2. Given a model f o r  t h e  noise  i n  t h e  rate-gyro and 
Loran-C rece ive r ,  and t h e i r  dynamic response,  t h e  s imula t ion  provides  a working model 
t o  e s t a b l i s h  good c o n t r o l  loop parameters.  

The layout  of t he  LED d i sp lay  for f l i g h t  t e s t i n g  of  Loran-C approach f l y i n g ,  
which was cons t ruc ted  during a v i s i t  t o  Langley Research Center,  is shown i n  f i g u r e  3 .  
Four bar-graph LED d i s p l a y s  are pa i r ed  to provide c ross - t rack  d i s t a n c e  and v e l o c i t y  
from a Loran-2 def ined  riinwsy e e n t e r l i n c .  
t o  provide alphanumeric readout  of range t o  touchdown and des i r ed  he igh t .  
case w a s  b u i l t ,  a c i r c u i t  board designed, and manufactured wi th  t h e  a s s i s t a n c e  of 
NASA Langley personnel.  

TFQ sevec-secpent LED displays are used 
A metal  

11 
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LORAN-C APPROACH GUIDANCE PROJECT: 

CURRENT STATUS 

A. L. E l ias  
F l i g h t  Transportat ion Laboratory 

Massachusetts I n s t i t u t e  o f  Technology 
Cambridge , Massachusetts 

Abstract  

There are fou r  a reas  of work i n  t h e  Loran-C approach f l i g h t  t e s t  p r o j e c t  
( f i g .  1). Current  r e s u l t s  provide performance d a t a  on the  e f f e c t s  o f  S igna l  Noise 
Rat io ,  SNR, on t h e  dynamic performance of t he  r ece ive r  f i l t e r s  f o r  Loran-C d a t a ,  and 
d a t a  on Loran-C g r i d  deformation a t  a microscale of  100 meters. 

The Loran-C r e c e i v e r  provides  an LOP ( l i n e  of  p o s i t i o n )  Master and Slave t rans-  
m i t t e r  a t  an angle  8 t o  magnetic no r th  ( f i g .  2 ) .  N o  t ransformat ion  t o  l a t i t u d e -  
longi tude  r e fe rence  frame is requi red  s i n c e  t h i s  is t h e  major source of Loran-C 
naviga t ion  e r r o r s .  

A l o c a l  coord ina te  frame i s  es t ab l i shed  centered  a t  touchdown p o i n t  on t h e  run- 
way with d i r e c t i o n s  along and across t h e  runway ( f i g .  3 ) .  The coord ina te  transforma- 
t i o n  is  shown as a simple p a i r  of equat ions which can be e a s i l y  computed. 

A Loran-C d a t a  c o l l e c t i o n  system has been s e t  up as shown i n  f i g u r e  4. The 
Loran-C d a t a  a r e  s e n t  d i r e c t l y  t o  an Apple I1 computer wi th  a 12-inch monitor.  The 
system has been i n s t a l l e d  i n  var ious  ground vehic les  with a 24-inch whip antenna 
mounted on t h e  roof .  This s e rves  as a mobile p la t form f o r  micro g r i d  surveys and 
i n v e s t i g a t i o n  of  r ece ive r  dynamics. 

The e f f e c t  of SNR on Loran-C precision is shown f o r  two r e c e i v e r  f i l t e r s  of  
d i f f e r e n t  frequency response ( f i g .  5 ) .  The s tandard  dev ia t ion  of Loran-C i s  l e s s  
tha:: 9.1 microsecond (100 f e e t )  a t  p o s i t i v e  values  for  SNR. 

A s e t  of ground l e v e l  s t a t i c  readings of touchdown (TD) w a s  taken around 
Hanscom F i e l d  and t r a n s f e r r e d  to  an accura te  d e t a i l e d  layout drswing; t h i s  showed 
l o c a l  d i s t o r t i o n s  of  t he  average TD va lues  as shown i n  f i g u r e s  6 and 7. S imi la r  
surveys on a g r i d  on t h e  a t h l e t i c  f i e l d s  a t  MIT showed v a r i a t i o n s  over  100 meter 
spacing . 

I t  is  n o t  c l e a r  why these  microdis tor t ions  e x i s t .  They may no t  e x i s t  i f  t h e  
Loran-C antenna were a few hundred f e e t  i n  the a i r ,  which sugges ts  a 3-D survey i n  
the  approach a r e a  ( f i g .  8 ) .  

A p o s s i b l e  method f o r  a 3-D survey of micro g r i d  d i s t o r t i o n s  of  Loran-C s i g n a l s  
is shown. There a r e  d i f f i c u l t i e s  i n  loca t ing  a ba l loon  p r e c i s e l y  when winds e x i s t ,  
and a m o r e  mobile system t o  move over  t h e  micro g r i d  i s  d e s i r e d  ( f i g .  9 ) .  

PRECEDttG PAGE B U N K  MOT FILMED 
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Figure 1. Loran-C approach nav - s t a t u s .  
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Figure 2. Local Loran geometry. 
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Figure  3 .  Coordinate t ransformat ion .  

Figure 4. Loran-C data c o l l e c t i o n  se tup .  
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Figure 9. Balloon-borne antenna €or 3-D survey. 
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A I R  TRAN SPORTAT I O N  TECHNOLOGY PRO GRAM 

AT O H I O  UNIVERSITY, 1983 

Richard H. McFarland and 
James D. Nickum 

Avionics Engineering Center 
Department of Electr ical  and Computer Engineering 

Ohio University 
Athens, Ohio 

INTRODUCTORY REMARKS 

The A i r  Transpor ta t ion  Technology Program a t  Ohio Un ive r s i ty ,  supported 
as a Jo in t -Univers i ty  Program e f f o r t  by the Nat iona l  Aeronautics and Space  
Administration and t h e  Federa l  Aviation Administration, dedica ted  t h e  
year  1983 p r i n c i p a l l y  t o  producing a s p e c i f i c  r e sea rch  t o o l ,  v i z ,  a 
f l e x i b l e  Loran-C rece iver .  

rt IL " 8 s  a success fu l  year for t h e  design and t e s t i n g  of t h e  hard- 
ware. During 1983 s e v e r a l  improvements to  t h e  Loran-C re sea rch  r ece ive r  
were made t o  a l low t h i s  device  t o  function more r e l i a b l y  and t o  provide a 
means t o  achieve  f l i g h t  tes t  d a t a  wi th  l e s s  d i f f i c u l t y .  

Many o f  t h e  changes t o  t h e  receiver made i n  1983 w e r e  n a t u r a l  exten- 
s i o n s  of t h e  work completed i n  1982 a t  Ohio Univers i ty .  
involved a complete re-packaging of t h e  receiver. 
t h e  performance and c a p a b i l i t y  of t h i s  Loran-C r e c e i v e r .  

The changes made 
The 1983 changes w e r e  t o  

The a b i l i t y  t o  ope ra t e  t h e  r ece ive r  off of a s i n g l e ,  simple power 
supply  contained i n  t h e  r e c e i v e r  was developed. This pover supply c o n s i s t s  
of two swi tch ing  DC t o  DC conver te rs  that provide + 5 VDC and 2 12VDC from 
an 8 t o  40 VDC input  supply sys t em i n  the vehic le .  The swi tch ing  supp l i e s  
are 75 t o  85% e f f i c i e n t  and t h e r e f o r e  do not  c o n t r i b u t e  s i g n i f i c a n t l y  t o  
power consumption of t h e  r ece ive r .  Addi t iona l ly ,  t h e  complete power supply 
f i t s  i n t o  a double wide s l o t  i n  t h e  rece iver  card-cage. This c a p a b i l i t y  
allows t h e  e n t i r e  r e c e i v e r  t o  be contained i n  a 19.5 inch  rack panel t h a t  
i s  only 5.25 inches  t a l l  and 9.0 inches deep. 

The n e x t  change t o  t h e  receiver t h a t  allowed a computation performance 
Th i s  permi t ted  a decrease  i n  t h e  
I n  t h e  prev ious  t iming  board 

improvement w a s  t h e  new timing board design. 
t i m e  t h a t  t h e  processor  spent  i n  w a i t  loops. 
des ign  t h e  processor had t o  w a i t  f o r  the d i g i t  s t r o b e s  from t h e  master 
t iming c h i p  t o  read each of the  d i g i t s  of t he  Loran-C pulse  t i m e .  This 
wasted as much as 200 microseconds f o r  each Loran-C pulse. This  has been 
changed wi th  t h e  a d d i t i o n  of hardware t o  produce an i n t e r r u p t  t o  t h e  pro- 
ces so r  when t h e  d a t a  from t h e  timing chip is ready f o r  output.  Since 
t h e r e  are 25 i n d i v i d u a l  Loran-C pulses  i n  t h e  c u r r e n t  3 s t a t i o n s  t racked  
and each pu l se  r e q u i r e s  5 d i g i t s  t o  be read, a s i g n i f i c a n t  amount of t i m e  
w a s  wasted with t h e  o l d e r  timing board. The improvement with a 9960 GRI  is 
g r e a t e r  than  25% p e r  GRI .  
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Another hardware improvement involved t h e  a b i l i t y  of t he  Loran-C 
receiver to  t reat  a l l  of the  received Loran-C s t a t i o n s  equa l ly  so t h a t  
determination of the  c o r r e c t  t r a c k  poin t  on the  Loran-C p u l s e  w a s  achieved 
f o r  s t a t i o n s  of d i f f e r i n g  s i g n a l  s t r eng ths .  This  w a s  accomplished wi th  a 
multiplexed sampled AGC system. This would allow increased  accuracy i n  t h e  
determination of the  co r rec t  t r ack ing  poin t  on the  Loran-C pulse. The 
hardware is complete and ready f o r  i n t e g r a t i o n  i n t o  t h e  cu r ren t  Loran-C 
r e c e i v e r  software. 

The most s i g n i f i c a n t  improvement t o  t h e  Loran-C r e c e i v e r  involved t h e  
implementation of Random Navigation c a p a b i l i t y  (RNAV) i n  t h e  O.U. Loran-C 
r e c e i v e r .  This work w a s  completed by Fuj iko  Oguri as her  masters t h e s i s .  
H e r  work is summarized here as a paper submitted by Ohio Univers i ty  t o  
t h e s e  proceedings. E s s e n t i a l l y ,  her work allows a complete implementation 
of the a b i l i t y  t o  naviga te  i n  a random fash ion  t o  any coord ina tes  i n  t h e  
Loran-C coverage volume. The software provides c ross - t rack  e r r o r  on a CDI, 
d i s t a n c e  t o  go t o  the  next waypoint, c ross - t rack  bearing, t r u e  course,  
ground speed and es t imated  t i m e  enroute.  The Loran-C r e c e i v e r  with the  
UNAV software has been f l i g h t  t e s t e d  wi th  e x c e l l e n t  r e s u l t s .  

Of p a r t i c u l a r  s i g n i f i c a n c e  is  the  f a c t  t h a t  M s .  Oguri 's  t h e s i s  has been 
recognized by the  Radio Technical Commission f o r  Aeronautics (UTCA) through 
i t s  W. E. Jackson Award f o r  t h e  outs tanding  t e c h n i c a l  paper submitted i n  
t h e  annual n a t i o n a l  competit ion.  This i s  p a r t i c u l a r l y  noteworthy s i n c e  
t h e  1982 RTCA Jackson Award w a s  p resented  t o  Joseph F i sche r  f o r  h i s  
t h e s i s  supported by J o i n t  Univers i ty  Program. H i s  paper repor ted  t h e  
des ign  of the Loran r ece ive r  t h a t  w a s  a p r e r e q u i s i t e  t o  M s .  Ogur i ' s  work 
wi th  the  RNAV. Importantly,  both of t hese  i n d i v i d u a l s  have taken jobs  i n  
t h e  avionics indus t ry  where t h e i r  experiences with the  J o i n t  Univers i ty  
Program is d i r e c t l y  app l i cab le .  

New work t h a t  w a s  begun i n  1983 included a c h a r a c t e r i z a t i o n  of 
pa th  d i f f e rences  f o r  naviga t ion  equipment using g r e a t  c i rc le  or  rhumb-line 
course  s t ee r ing  computations. Of major concern were t h e  f a c t o r s  t h a t  
c o n t r o l l e d  t h e  c ros s - t r ack  pa th  e r r o r s  and t h e  magnitude of t h e  e r r o r s  based 
on those  f ac to r s .  Rajan Kaul worked on a For t r an  s imula t ion  t h a t  pro- 
vided answers t o  t h e s e  ques t ions .  This model w i l l  be implemented i n  t h e  
O.U. Loran-C rece ive r  so t h a t  course s t e e r i n g  can be provided based on 
rhumb-line as w e l l  as g r e a t  circle.  This i s s u e  of rhumb-line ve r sus  g r e a t  
c i rc le  becomes s i g n i f i c a n t  f o r  s i t u a t i o n s  where veh ic l e s  using nav iga t ion  
systems based on these  d i f f e r e n t  course computation methods begin t o  mix. 

Additionally,  Kaul i s  developing a microcomputer implementation of a 
model of the e a r t h ' s  magnetic v a r i a t i o n  t o  be included i n  t h e  Ohio 
Un ive r s i ty  Loran-C r e c e i v e r  software. This model implementation w i l l  al low 
automat ic  inc lus ion  of t he  magnetic v a r i a t i o n  so t h a t  one less manual p i l o t  
e n t r y  is necessary. 

I n  order t o  f a c i l i t a t e  t h e  necessary  p i l o t  d a t a  e n t r y ,  a c o n t r o l  
d i sp l ay  un i t  (CDU) is being developed f o r  t h e  Ohio Un ive r s i ty  Loran-C 
rece ive r .  This CDU w i l l  have t h e  a b i l i t y  t o  n o t  on ly  p r e s e n t  and 
absorb d a t a  b u t  a l s o  t o  ac t  as a window on o t h e r  p o s s i b l e  senso r s  and 
information systems on t h e  a i r c r a f t .  Th i s  is s imi l a r  t o  t h e  EFIS 
(E lec t ron ic  F l i g h t  Ins t rumenta t ion  System) now a v a i l a b l e  f o r  some 

* .  
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a i r c r a f t .  The CDU i s  designed t o  allow easy  mod i f i ca t ion  of t h e  d a t a  
e n t r y  and d i s p l a y  s o  t h a t  new methods can b e  i n v e s t i g a t e d  wi th  very  
l i t t l e  s i g n i f i c a n t  changes. 
c a p a b i l i t y  of t h i s  receiver. 

Th i s  w i l l  c e r t a i n l y  provide t h e  necessary  

The major purpose of t h i s  work is very c l o s e  t o  being f u l l y  r ea l i zed .  
This purpose, aga in ,  i s  t o  provide a research t o o l ,  a r e c e i v e r ,  such t h a t  
engineers  i n t e r e s t e d  i n  examining Loran-C performance, u se fu lness ,  and 
o t h e r  p r o p e r t i e s  w i l l  have a f l e x i b l e ,  modi f iab le ,  and well-known p iece  of 
r ece iv ing  hardware. Indus t ry  w i l l ,  of course,  have t h e  oppor tuni ty  t o  
g l ean  from t h e  r ece ive r  system des igns  and products those  items which w i l l  
enhance t h e i r  products and make Loran-C a more e f f i c a c i o u s  naviga t ion  
system f o r  t h e  United States  a v i a t i o n  community and possibly those  com- 
muni t ies  wi th  marine and land interests.  
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AREA NAVIGATION IMPLEMENTATION FOR A MICROCOMPUTER-BASED 

LORAN-c RECEIVER* 

Fuj iko  Oguri 
Ohio University 

Athens, Ohio 

The paper desc r ibes  the  development of an area naviga t ion  program 
and t h e  implementation of t h i s  software on a microcomputer-based 
Loran-C r e c e i v e r  t o  provide high-quality, p r a c t i c a l  area naviga t ion  
informat ion  f o r  gene ra l  av ia t ion .  This sof tware  provides range and 
bea r ing  angle t o  a s e l e c t e d  waypoint, c ross - t rack  e r r o r ,  course  
d e v i a t i o n  i n d i c a t i o n  (CDI), ground speed and es t imated  t i m e  of 
a r r i v a l  a t  t h e  waypoint. The rangelbearing c a l c u l a t i o n ,  us ing  an 
e l l i p t i c a l  Ea r th  model, provides very good accuracy; t h e  e r r o r  does 
not  exceed more than 0.012 nm (range) o r  0.09' (bea r ing )  f o r  a maxi- 
mum range t o  530 nm. The a-B f i l t e r i n g  i s  app l i ed  i n  o r d e r  t o  reduce 
t h e  random noise  on Loran-C r a w  data and i n  t h e  ground speed calcu- 
latinn, Due t o  t h e  a-$ f i l t e r i n g ,  the ground speed c a l c u l a t i o n  has 
good s t a b i l i t y  f o r  cons tan t  or low-accelerative f l i g h t .  The execu- 
t i o n  t i m e  of t h i s  software is approximately 0.2 second. F l i g h t  
t e s t i n g  w a s  done wi th  a pro to type  Loran-C front-end r e c e i v e r ,  wi th  
t h e  Loran-C area naviga t ion  software demonstrating t h e  a b i l i t y  t o  
provide naviga t ion  f o r  t he  p i l o t  to  any poin t  i n  t h e  Loran-C cover- 
age area i n  t r u e  area naviga t ion  fashion without l ine-of-sight and 
range r e s t r i c t i o n  t y p i c a l  of VOR area navigation. 

Publ i shed  as TM 88 a t  Ohio University. * 
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ORIGINAL PAGE IS 
POOR OUALrrY PAPER EXCERPTS 

The following excerpts (introduction, summary, conclusions, and recommendation 
sections) are shown on the following pages. 

I .  INTRODUCTION AND SUMMARY 

T h i s  paper  d e s c r i b e s  s p e c i f i c  eng inee r ing  work which has  been 
done t o  make Loran-C a more u s e f u l  and p r a c t i c a l  n a v i g a t i o n  system f o r  
g e n e r a l  a v i a t i o n .  T h i s  work, i n  p a r c i c u l a r ,  d e a l s  w i th  development  of 
new s o f w a r e ,  and implementacion of t h i s  s o f t w a r e  on a (XOS6502) n i c r o -  
computer t o  p rov ide  h igh  q u a l i t y  p r a c t i c a l  a r e a  n a v i g a t i o n  i n f o r m a t i o n  
d i r e c t l y  t o  t h e  p i l o t .  F l i g h t  tesCs have been performed s p e c i f i c a l l y  t o  
examine t h e  e f f i c a c y  of t h i s  new sofcvare.  F i n a l  r e s u l t s  were excep- 
t i o n a l l y  good and d e a r l y  demonstrate  t h e  m e r i t s  of t h i s  new Loran-C 
a r e a  n a v i g a t i o n  system. 

LORAN-C (Long Range Navigat ion)  i s  a h y p e r b o l i c ,  r a d i o  n a v i g a t i o n  
System t h a t  has been i n  o p e r a t i o n  s ince 1358 [ I ] .  It uses  ground waves 
a t  low f r e q u e n c i e s  t o  p rov ide  p o s i t i o n a l  i n f o r m a t i o n ,  no t  r e s t r i c t e d  t o  
l i ne -o f - s igh t  121. T h i s  system can be used i n  n e a r l y  all wea the r  con- 
d i t i o n s  t o  o b t a i n  p o s i t i o n  accu rac i e s  which a r e  e s s e n t i a l l y  independen t  
of a l t i t u d e .  As of 1983, it is not yeK a complete  n a v i g a t i o n  system i n  
t h e  United S t a t e s .  I n  t h e  midwest, vhich c o n s c i t u t e s  one t h i r d  of t h e  
U.S. l and  a r e a ,  coverage is d e f i c i e n t  f o r  some f l i g h t  o p e r a t i o n s .  

The VOR/DME (VHF m i - d i r e c t i o n a l  RangeiDistance Xeasu r ing  
Equipment) n a v i g a t i o n  system is w e l l  known as t h e  contemporary,  s h o r t -  
r ange  n a v i g a t i o n  system which covers  t he  whole Un i t ed  S t a t e s  w i t h  Over 
1000 s t a t i o n s ,  b u t  t h i s  system is s e n s i t i v e  t o  s i t i n g  and t e r r a i n ,  and 
has  l i m i t s  f o r  low a l t i t u d e  coverage because VOR is a Line-of-s ight  
system. By r e l i e v i n g  t h e s e  shortcomings,  Loran is c o n s i d e r e d  to be a 
p o s s i b l e  supplement f o r  VORiDME system [ 3 1 .  

The h y p e r b o l i c  l i n e s  of pos i t i on  a s s o c i a t e d  w i t h  Loran-C p r e s e n t  
a problem f o r  t he  p i l o t .  B i s t o r i c a l l y ,  t h e  h y p e r b o l i c  l i n e s  of p o s i t i o n  
do no t  conve r t  r e a d i l y  t o  a meaningful d i s p l a y  wi thou t  compara t ive ly  
h i g h  a i r b o r n e  equipment c o s t .  Bowever, t h e  p r e s e n t  a v a i l a b i l i t y  of 
mic roprocesso r s  makes low-cost a i rborne c o o r d i n a t e  conve r s ion  equipment  
f e a s i b l e .  Contemporary t echno logy  provides  f o r  l i g h t - w e i g h t  small- 
volume equipment w i t h  a low power drain f o r  small a i r c r a f t .  
m a t i c  Loran-C n a v i g a t i o n  can be made p r a c t i c a l  f o r  g e n e r a l  a v i a t i o n  
U S e K S  s imply by making use of a microcomputer. 

Thus,  auto-  

I n  t h i s  pape r ,  work is descr ibed i n d i c a t i n g  r a t h e r  e l emen ta ry  
mechan iza t ions  t h a t  can p rov ide  the p i l o t  very u s e f u l  n a v i g a t i o n  a t  all 
a l t i t u d e s .  T h i s  development of so f tva re  p rov ides  Area (Random) Naviga- 
t i o n  (FNAV) i n fo rma t ion  from Time Di f f e rences  (TDs) i n  raw form u s i n g  an 
e l l i p t i c a l  e a r t h  m d e l  and a s p h e r i c a l  model. 
microcomputer based Loran-C r e c e i v e r  which was developed a t  t h e  Ohio 
U n i v e r s i t y  Avionics  Eng inee r ing  Center. I n  o r d e r  t o  Compute naviga- 
t i o n a l  information,  a microcomputer(M0S6502) and a ma themat i ca l  c h i p  
(Am9511A) were combined w i t h  t h e  Ohio U n i v e r s i t y  Loran-C r e c e i v e r .  
F i n a l  data Fn t h e  r e p o r t  r e v e a l s  that  t h i s  s o f t w a r e  indeed  p rov ides  
a c c u r a t e  in fo rma t ion  with reasonable  o p e r a t i o n  times. 

I t  is p repa red  f o r  t h e  
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VII.. .CONC&JSIONS IWD RECOEMENDATIONS 

Some s p e c i f i c  c o n c l u s i o n s  can  be reached  a s  a r e s u l t  of t he  work 
performed i n  deve loping  a microcomputer-based Loran-C r e c e i v e r  f o r  
g e n e r a l  a v i a t i o n  a p p l i c a t i o n .  

The o b j e c t i v e  of t h i s  a r e a  n a v i g a t i o n  s o f t w a r e  implementae ion  is 
t o  provide  h i g h  q u a l i t y  air n a v i g a t i o n  i n f o r m a t i o n  by u s i n g  Loran-C 
n a v i g a t i o n  sys tem f o r  g e n e r a l  a v i a t i o n .  
made accord ing  to  the  test r e s u l t s  i n  Chapter  V I .  

a 
The f o l l o w i n g  c o n c l u s i o n s  are 

The c o n c l u s i o n s  a r e :  

1. The high a c c u r a c y  of t he  r a n g e l b e a r i n g  c a l c u l a t i o n  m i n g  the  
microcomputer-based Loran-C r e c e i v e r  was demonst ra ted ;  t h e  e r r o r  w i t h o u t  
a b i a s  e r r o r  does n o t  exceed uore  than  0.012nm ( r a n g e )  o r  0.09' ( b e a r i n g )  
f o r  ranges  t o  530nm. 

2 .  O p e r a t i o n a l  per formance ,  as observed  on a f l i g h t  in a g e n e r a l  
a v i a t i o n  a i r c r a f t ,  is o b t a i n e d  u s i n g  a a-8 f i l t e r  on t i m e  d i f f e r e n c e s  t o  
reduce  random Mise. F i l t e r i n g  IDS w i t h  t h e  new, s t a b l e  c l o c k ,  w i t h  an 
e f f e c t i v e  time c o n s t a n t  is 4 s e c o n d s ,  e f f e c t i v e l y  smooths the  f l i g h t  
p a t h  and does not  c a u s e  s e r i o u s  d e l a y  an t h e  t u r n s .  

3. The ground speed c a l c u l a t i o n  w i t h  10 b o t s  r e s o l u t i o n  has 
o p e r a t i o n a l  s t a b i l i t y  f o r  a c o n s t a n t  o r  l o w - a c c e l e r a t i o n  f l i g h t .  S i n c e  
t h e  ground speed c a l c u l a t i o n  p r o c e s s  passes  t h r o u g h  two f i l t e r s ,  t h e  
ground speed cannot be e a s i l y  updated w i t h  h i g h  a c c e l e r a t i o n .  Accord ing  
t o  the  e f f e c t i v e  t i m e  c o n s t a n t s  f o r  the  two f i l t e r s  (4 s e c o n d s  f o r  ms 
and 12 seconds f o r  t h e  GS c a l c u l a t i o n ) ,  a s t e p  r e s p o n s e  becomes 86.3% of 
f i n a l  v a l u e  a f t e r  24 seconds .  So t h e  ground speed  c a l c u l a t i o n  can 
a c c e p t  an a c c e l e r a t i o n  which is less than  0.13m/s2. 

4 .  The Cl'EICTEB i n d i c a t i o n  provides  t h e  r e l a t i v e  p o s i t i o n  and 
p r o p e r  d i r e c t i o n  r e s p e c t i v e l y  to  any d e s i r e d  c o u r s e  i n s i d e  t h e  Loran-C 
c o v e r a g e  area. Even wich an  a i r p l a n e  v e r y  d o s e  t o  a To waypoin t  ( l e s s  
t h a n  0 . 1 ~ ~ )  t he  a E  has s u f f i c e n t  s e n s i t i v i t y  t o  c a l c u l a t e  an a c c u r a t e  
CDI i n d i c a t i o n ,  while t h e  VOR n a v i g a t i o n  sys tem at c l o s e  range  is t o o  
s e n s i t i v e .  

5 .  An e x e c u t i o n  t i m e  of t h e  t o t a l  n a v i g a t i o n  sys tem r o u t i n e  does 
noc exceed uore  t h a n  L.5 s e c o n d s ,  which is short enough f o r  a d e q u a t e  
p o s i t i o n  update  i n f o r m a t i o n  f o r  air n a v i g a t i o n .  I n  t h e  n o r t h e a s t  U.S. 
c h a i n  (GRI-99600us), t h e  e x e c u t i o n  time is about  1.39 seconds  f o r  RNAV 
p o s i t i o n  updates .  

6. The Loran-C n a v i g a t i o n  system w i t h  the  new s t a b l e  c l o c k  
r e c o r d e d  an average  b i a s  e r r o r  of 0.5nm which meets t h e  r e q u i r e m e n t  
s t a t e d  in AC90-45A ( e n r o u t e  2.5nm. t e r m i n a l  1.5nm). Even f o r  an  
approach ,  t h i s  sys tem has t he  c a p a b i l i t y  t o  meet t h e  t o t a l  e r r o r  of 
0.6nm s t a t e d  in AC90-45A. 

1 .  The Loran-C a r e a  n a v i g a t i o n  s o f t w a r e  makes it p o s s i b l e  f o r  
t h e  g e n e r a l  a v i a t i o n  user t o  f l y  t o  any p o i n t  i n s i d e  the  Loran-C cover- 
age  a r e a  i n  t r u e  a r e a  n a v i g a t i o n  f a s h i o n  u n l i k e  VOR n a v i g a t i o n  sys tem 
w i t h  i t s  l i n e - o f - s i g h t  and range r e s t r i c t i o n s .  

Some problems were i d e n t i f i e d  d u r i n g  t h e  t e s t i n g ,  and t h e s e  
s h o u l d  be a d d r e s s e d  and solved p r i o r  t o  implementa t ion  by g e n e r a l  
a v i a t i o n .  

1. The bias e r r o r  t o  the  n o r t h  is due t o  s i g n a l - s t r e n g t h  d i i -  
f e r e n c e s  of Loran-C s t a t i o n s  and Avionics  E n g i n e e r i n g  C e n t e r ' s  r e c e i v e r  
implementa t ion .  The b i a s  e r r o r  can be s i g n i f i c a n t l y  reduced  wr th  a new 
RF f r o n t  end [ 4 2 ]  and a p p l y i n g  p r o p a g a t i o n  c o r r e c t i o n s .  The recen'; 
tests w i t h  the  new RF f r o n t  end i n d i c a t e d  a b i a s  e r r o r  of 0.2nm. These 
d a t a  were c o l l e c t e d  i n  the  same a r e a  a s  t h e  p r e v i o u s  f l i g h t  tests. The 
b i a s  e r r o r  of 0 . 2 m  could  be f u r t h e r  reduced w i t h  t h e  a p p l i c a t i o n  of a 
p r o p a g a t i o n  c o r r e c t i o n .  

2 .  AD improved ground speed r e s p o n s e  f o r  a c c e l e r a t e d  f l i g h c .  
The ground speed response  f o r  a c c e l e r a t e d  f l i g h t  can be improved by 
implementing a t h r e e  d imens iona l  f i l t e r  [ 4 3 1 ;  however,  improvement of 
measur ing  time d i f f e r e n c e s  t o  reduce  random n o i s e  s h o u l d  be made t o  pro- 
v i d e  better data f o r  ground speed  c a l c u l a t i o n s .  

Contemporary m i c r o p r o c e s s o r  technology has g r e a t l y  improved t h e  
c a p a b i l i t y  f o r  q u a l i t y  h i g h  n a v i g a t i o n ,  and allows f o r  a c h i e v i n g  low- 
c o s t  and l i g h t  weight  r e c e i v e r s  f o r  g e n e r a l  a v i a t i o n  a p p l i c a t i o n s .  T h i s  
RNAV s o f t w a r e  promises  t o  p r o v i d e  t h e  p i l o t  w i t h  s i g n i f i c a n t  o p e r a t i o n a l  
advantages  through t h e  use of a microcomputer-based- Loran-C r e c e i v e r .  
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MODIFIED TIMING MODULE FOR LORAN-c RECEIVER* 

Robert W. L i l l e y  
Ohio Universi ty  
Athens, Ohio 

I. ABSTRACT 

Hardware documentation is  provided f o r  t h e  modified Loran-C t iming 
module, which uses  in te r rupt -dr iven  software c o n t r o l  i n  determining loop 
sample t i m e s .  
of t h e  t iming loop. 

Computer loading  i s  reduced by e l i m i n a t i n g  p o l l e d  o p e r a t i o n  

11. SUMMARY 

The o r i g i n a l  design f o r  t he  Ohio Universi ty  Loran-C r e c e i v e r  f e a t u r e d  
a softwarelhardware locked-loop s i g n a l  processor,  based upon t h e  Host& 
50395 timing i n t e g r a t e d  c i r c u i t  ( I C )  [1,21. This I C  provides  a s i x - d i g i t  
binary-coded d e c i m a l  (BCD) counter  and a BCD r e g i s t e r  compared t o  g e n e r a t e  
an  output  p u l s e  when the  r e g i s t e r  and counter contents  are equal .  Operated 
ac L hHz, t h i s  t iming c i r c u i t  permits microcomputer-selected sample t i m e s  
t o  be prec ise ly  set  w i t h i n  a one-second counter i n t e r v a l ,  wicn a r e s o i u t i o n  
of one microsecond. 

I n  order to  accomplish the  data  load f o r  the  I C  r e g i s t e r ,  t he  computer 
must d e t e c t  t h a t  t h e  I C  d i g i t  scan o s c i l l a t o r  has s e l e c t e d  t h e  a p p r o p r i a t e  
4-bit BCD d i g i t ,  and then s t r o b e  the  new d i g i t  d a t a  i n t o  t h e  r e g i s t e r .  The 
I C  design requires  a scan o s c i l l a t o r  frequency of no h igher  than 20 kHz, 
which places a lower limit on the  t i m e  required t o  load all s i x  d i g i t s .  I n  
p r a c t i c e ,  the complete r e g i s t e r  load requires  approximately 500 microse- 
conds (9s).  

The o r i g i n a l  r e c e i v e r  design makes all s i x  1C d i g i t  s t r o b e  sigtials 
a v a i l a b l e  t o  t he  microcomputer, which then s t r o b e s  t h e  new d i g i t  data i n t o  
t h e  r e g i s t e r  a f t e r  d e t e c t i n g  the  presence of the  a p p r s p r i a t e  s t r n b e  s i g n a l .  
This operat ion must t ake  place i n  order t o  p r e s e t  t h e  next loop sample 
t i m e ,  t r iggered  by t h e  EQUAL pulse  from t h e  Mostek I C .  Therefore ,  t he  
r e g i s t e r  load must be performed between each Loran-C pu l se .  
of p o l l i n g  the  d i g i t  s t r o b e  lines t o  de t ec t  t he  next d i g i t  t o  be loaded 
r e q u i r e s  f u l l  a t t e n t i o n  from t h e  microcomputer, de lay ing  background pro- 
cess ing .  

The technique 

The m d i f  i e d  c i r c u i t  descr ibed i n  t h i s  t e c h n i c a l  memorandum combines 
a l l  s ix-d ig i t  s t r o b e s  i n t o  one master s t r o b e  s i g n a l ,  which appears  as a n  
i n t e r r u p t  to t h e  microcomputer. Therefore,  once a d i g i t  is loaded i n t o  t h e  
I C  r e g i s t e r ,  t h e  computer is f r e e  t o  process background code whi le  awai t ing  
t h e  next d i g i t  s t r o b e  i n t e r r u p t .  See f i g u r e  1 f o r  a block diagram. 

Publ ished as TM 87 a t  Ohio University.  * 
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This  m d i f i c a t i o n  is r equ i r ed ,  to  permit t he  s i n g l e  processor  ( a  HOS 
Technology 6502) t o  perform all required computations f o r  t h e  ent i re  
Loran-C process. Expansion of t h e  receiver  from a t h r e e - s t a t i o n  t r a c k e r  t o  
f u l l  f ive-s ta t ion  opera t ion  would cause over 20 percent  of processor  power 
t o  be l o s t  to  t h e  s t r o b e  p o l l i n g  operat ion,  causing a r e d u c t i o n  i n  naviga- 
t i o n  d a t a  output rates, and a reduction i n  the  number of p i l o t - o r i e n t e d  
f e a t u r e s  which could be added using the  s i n g l e  processor .  

F u l l  hardware documentation i s  provided i n  t h i s  document f o r  t h e  cir- 
c u i t  card implementing t h e  Loran-C timing loop, and t h e  receiver event-mark 
and re-track'  func t ions .  This documentation is t o  be combined wi th  o v e r a l l  
r e c e i v e r  drawings t o  form t h e  as-built record f o r  t h i s  device.  Computer 
sof tware  to support  t h i s  module is in tegra ted  with t h e  remainder of the  
r e c e i v e r  software, i n  t h e  LORPROM program. 

111. C I R C U I T  DESCRIPTION 

Figure 2 shows the  complete logic diagram f o r  t h e  Loran-C timing 
module. To t h e  f a r  l e f t  a r e  s i g n a l  d e s c r i p t o r s  f o r  t h e  system computer, an 
M I  SuperJo l t  based upon the  NOS Technology 6502 with 6520 p e r i p h e r a l  
i n t e r f a c e  adapter  ( P I A ) .  connections, except f o r  CLC)CK and IRQ, a r e  
made through the  6520 PIA.  
u s e f u l  in software des ign  and coding. The Mostek 50395 chip d e s c r i p t i o n  is  
given as f i g u r e  4 ,  and pinouts  a r e  shown i n  f i g u r e  5 .  

Figure 3 g ives  a sumnary of P I A  p in  assignments,  

Refer r ing  t o  f i g u r e  2 ,  note  that seven l i n e s  provide d a t a  and c o n t r o l  
s i g n a l s  to t h e  Mostek I C  (U3). All t hese  s i g n a l s  are output  by t h e  corn- 
p u t e r  a s  TTL-compatible s i g n a l s ,  and  must be changed t o  t h e  12-volt bas 
s p e c i f i c a t i o n  requi red  by U3. T h i s  conversion is  performed i n  open- 
c o l l e c t o r  d r i v e r s  U 1  and U2, pulled up to  12v through 680-ohm r e s i s t o r s .  
These l i n e s  c a r r y  t h e  fou r  d a t a  b i t s  - f o r  r e g i s t e r  d i g i t s  X a ,  Rb, R c  and Rd 
The LA (Load R e g i s t e r )  s t r o b e  and SET ( S e t  d i g i t  counter  t o  most- 
s i g n i f i c a n t  d i g i t )  s i g n a l s .  

The t iming chip U3 is  wired fo r  free-running c o u n t e r ,  count ing up, and 
i s  d r i v e n  by t h e  CLOCK, which is  a buffered vers ion  of t h e  w i n  microcom- 
p u t e r  clock ( a  temperature-compensated c r y s t a l  o s c i l l a t o r ) .  The scan 
o s c i l l a t o r  which generates  t he  d i g i t  s t r o b e s  to i n d i c a t e  t h e  load window 
f o r  each r e g i s t e r  d i g i t  is  set t o  20 kHz using the  c a p a c i t o r  a t  p i n  21. 
D i g i t  s t r o b e s ,  one f o r  each r e g i s t e r  BCD d i g i t ,  are output  by U3 a t  pins  24 
through 29 and are immediately NORed by U 6 .  Note t h a t  t h i s  8-input NOR is  
a CHOS chip running at  12v t o  eliminate the  need f o r  t h e  s i x  v o l t a g e  d iv i -  
d e r s  used in  t h e  previous design to r e t u r n  the  NOS l e v e l s  from U 3  t o  TTL 
l e v e l s .  The combined d i g i t  s t robe  is then returned t o  TTL l e v e l s ,  i n v e r t e d  
by U7 and appl ied  as a clock t o  the U 8  D f l i p - f l o p  l a t c h .  

The Q output  of t h e  U8 l a t c h  is  high a f te r  r e c e i p t  of a d i g i t  s t r o b e ,  
which causes t h e  output  of t h e  U 7  i n t e r r u p t  combiner g a t e  t o  go low, 
caus ing  an i n t e r r u p t  (LRQ) condition a t  edge connector p i n  19. Once t h e  
computer program has serv iced  t h i s  i n t e r r u p t ,  t he  d i g i t  s t r o b e  i n t e r r u p t  
l a t c h  U 8  i s  c leared  by a low s igna l  a t  CLRD, o r  p i n  12. The computer s o f t -  
ware simply counts i n t e r r u p t s  from the  d i g i t  s t r o b e  l a t c h ,  recogniz ing  t h a t  
the  d i g i t  s t r o b e s  appear i n  f ixed  order from d i g i t  one through s i x .  
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Appropriate  s i g n a l s  are then placed on the Ra - Rd l ines  and the U 3  c o n t r o l  
l i n e s  to  achieve t h e  f u l l  r e g i s t e r  load. 

Once t h e  r e g i s t e r  i s  f u l l y  loaded, t h e  d i g i t  s t r o b e  i n t e r r u p t s  are 
d i s a b l e d  by p lac ing  a low l e v e l  on CLRD, f o r c i n g  t h e  U8 l a tch  i n t o  reset 
condi t ion.  The U5 Loran-C i n t e r r u p t  and data l a t c h e s  are t h e n  enabled by 
br inging  CLRP high. When the  f r e e  running counter  in U3 r e a c h e s  t h e  
r e g i s t e r  value j u s t  loaded, U3 i s s u e s  an EQUAL pulse f o r  one clock per iod 
(one us) which c locks  t h e  U5 l a t ches .  The output of t h e  IRQ combiner g a t e  
in U7 goes low s i n c e  t h e  Q output  of the U5 i n t e r r u p t  l a t c h  always goes 
h igh  upon clocking. An i n t e r r u p t  is signaled a t  LRQ t o  t h e  computer. LDAT, 
l a t c h e d  by t h e  U 5  Loran-C l a t c h ,  assumes t h e  ins tan taneous  v a l u e  of t he  
Loran-C d i g i t a l  waveform received a t  LRIN from t h e  r e c e i v e r  front-end 
module. Note t h a t  LRIN is processed by U4 t o  set  a pulse  width of approxi- 
mately 70 us .  before i t  is  sampled .  This pu lse  width is necessary t o  pro- 
v ide  a p a r d  t i m e  a f t e r  t h e  leading p u l s e  edge t o  p e r m i t  s u c c e s s f u l  pulse  
t r a c k i n g ,  and to minimize i n i t i a l  search t i m e .  S ince the  var ious  front-end 
processors  designed t o  d a t e  have presented var ious pulse  wid ths ,  t h i s  U4 
mono-stable m u l t i v i b r a t o r  has been provided to e q u a l i z e  t h e  waveform before 
sampling. 

- 

- 
- 

The remainder of the  c i r c u i t ,  U12, dea l s  wi th  r e c e i v e r  f e a t u r e s  
included f o r  eva lua t ion .  The event la tch  is dr iven  by a front-panel  push- 

may be c o r r e l a t e d  wi th  f l i g h t  events.  The r e t r a c k  l a t c h ,  a l s o  operated by 
pushbut ton,  s i g n a l s  t h e  computer t ha t  the opera tor  wishes to  res tar t  the 
Loran-C search  process.  To minimize contact bounce, t h e s e  l a t c h e s  are con- 
f i g u r e d  t o  opera te  on the  pushbutton r e l ease  cycle .  

L.. U U L C V L l  c c  -- t o  place sn t h e  r e c e i v e r  output tape a unique mark so output  da t a  

Once the  computer program has serviced the Loran-C s a m p l e  i n t e r r u p t  
t hus  generated,  t he  U 5  l a t c h e s  are disabled by a low a t  CLAW and the  d i g i t  
s t r o b e  i n t e r r u p t  is enabled by a high on 0. Another r e g i s t e r  load 
sequence begins. 

i n  t h i s  manner, success ive  s a q l e s  m y  be taken of t h e  Loran-C input  
waveform at  times which are p r e c i s e l y  cont ro l led  by t h e  microcomputer. The 
p r o g r m e r  may now select algorithms f o r  d e t e c t i n g  received Loran-C chains 
and s t a t i o n s  by varying t h e  sample  time and observing t h e  r e s u l t  a t  LDAT. 

The module p i c t o r i a l  appears i n  f igu re  6 ,  g iv ing  placement of I C s  
and o t h e r  major components. 

IV. REFERENCES 

[I] L i l l e y ,  R. W. and D. L. McCall, "A Loran-C Pro to type  Navigation 
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AIAA/ IEE Fourth D i g i t a l  Avionics S y s t e m s  Conference, November 1981. 

[ 2 ]  L i l l e y ,  R. W. and D. L. McCall, "A Loran-C Pro to type  Navigation 
Receiver  f o r  General Aviat ion,"  (NASA) Technical  Memorandum 80, 
Avionics Engineer ing Center ,  Department of E lec t r i ca l  and Computer 
Engineer ing ,  Ohio Univers i ty ,  August 1981. 
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I PATH DISCREPANCIES BETWEEN GREAT CIRCLE 

AND RHUMB LINE* 

Rajan Kaul 
Ohio Universi ty  
Athens, Ohio 

A s imula t ion  of a mathematical model t o  compute p a t h  d i s c r e p a n c i e s  
between g r e a t  c i rc le  and rhumb l ine  f l i g h t  p a t h s  i s  presented.  The model 
i l l u s t r a t e s  t h a t  t h e  pa th  e r r o r s  depend on t h e  l a t i t u d e ,  t h e  bear ing ,  and 
t h e  t r i p  l e n g t h  of t h e  f l i g h t .  

I. INTRODUCTION 

A mathematical model f o r  a comparative a n a l y s i s  of g r e a t  c i rc le  v e r s u s  
rhumb l i n e  naviga t ion  i n  t h e  c o n t i n e n t a l  United S t a t e s  has been developed 
a t  t he  Avionics Engineering Center,  Ohio Universi ty .  A FORTRAN simulat ion 
of t he  model has been implemented on the  IBM 370 computer. The s imula t ion  
p r e d i c t s  p e r t i n e n t  navigat ion information f o r  t h e  two f l i g h t  paths.  The 
b a s i s  f o r  t n e  p r o j e c t ,  svfiich is a p a r t  of a~ M,S. t h e s i s ,  is t o  provide a 
d a t a  base f o r  computing d iscrepancies  between t h e  two f l i g h t  paths.  This 
document b r i e f l y  descr ibes  t h e  model and d i s c u s s e s  t h e  impl ica t ions  of t h e  
r e s u l t s  obtained. 

11. BACKGROUND INFORMATION 

The s tandard  en-route navigat ion system used i n  t h e  United S t a t e s  i s  
t h e  VOR/DME. VHF Omnidirectional Range (VOR) is t h e  b a s i s  f o r  def in ing  t h e  
airways and is t h e r e f o r e  an i n t e g r a l  part of a i r  t r a f f i c  c o n t r o l  proce- 
dures .  Two VOR s t a t i o n s  are w e d  tc? defifie a radial i n t e r s e c t i o n ,  which is 
t h e  b a s i s  of t he  e s t a b l i s h e d  Victor  airways. These Victor  airways fol low a 
f l i g h t  pach which maintains a path of constant heading ( i . e .  t h e  course c rosses  
t h e  meridians a t  t h e  same angle).  Thus, a rhumb l i n e  course appears as  a 
s t r a i g h t  l i n e  on a Mercator pro jec t ion .  

Area/Random Navigation (RNAV) as defined i n  FAA Advisory C i r c u l a r  90- 
4 5 A  (1) is  

I . .  .a method of navigat ion tha t  permits  a i r c r a f t  opera t ions  on 
any des i red  course wi th in  the  coverage of s t a t i o n  referenced 
naviga t ion  s i g n a l s  or  w i t h i n  t h e  l i m i t s  of self-contained 
system c a p a b i l i t i e s . '  

The p r i n c i p a l  advantage of RNAV i s  t h a t  i t  allows the  navigator  t o  f l y  
a g r e a t  c i rc le  course between two points.  The g r e a t  circle course is t h e  

3; Published as TM 89 a t  Ohio University.  
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s h o r t e s t  path between two poin ts  on t h e  e a r t h ,  and is formed by t h e  i n t e r -  
s e c t i o n  of t h e  plane defined by t h e  c e n t e r  of t he  e a r t h  and t h e  p o i n t s  of 
o r i g i n  and d e s t i n a t i o n ,  pro jec ted  on t h e  s u r f a c e  of t h e  ear th .  The f l i g h t  
pa th  is projected as a curved l i n e  on a Mercator p r o j e c t i o n  and hence 
changes heading constant ly .  

Loran-C, OMEGA, GPS, Doppler, and INS are considered RNAV systems. 
However, VOR i n  i t s  b a s i c  form is  not an RNAV system. A major concern is  
t h a t  t h e  discrepancies  between t h e  two f l i g h t  paths may cause naviga t ion  
c o n f l i c t s .  This r epor t  a t t e m p t s  t o  quant ize  t h e  d iscrepancies  which depend 
on var ious  f ac to r s .  

111. PATH DISCREPANCIES 

The magnitude of path d iscrepancies  between t h e  g r e a t  c i rc le  and rhumb 
l i n e  courses between two po in t s  increases  as 

1) t h e  l a t i t u d e  increases  , 
2 )  t h e  d i f fe rence  i n  t h e i r  l a t i t u d e s  decreases  and 
3)  t h e  d i f fe rence  i n  t h e i r  longi tudes  increases .  

When plot ted on a Mercator p r o j e c t i o n  map, t he  two f l i g h t  paths  s t a r t  
t o  diverge from the  o r i g i n  of t h e  f l i g h t .  The discrepancy is a maximum a t  
t h e  mid-point of the  f l i g h t ,  and then t h e  f l i g h t  paths s t a r t  t o  converge 
and meet at t h e  d e s t i n a t i o n  point .  The g r e a t  c i rc le  path is always curved 
away from the equator and t h e r e f o r e  i n t e r s e c t s  t h e  meridians a t  higher  
l a t i t u d e s  than the rhumb l i n e  path. Also,  t h e  meridians converge as they 
depar t  from t h e  equat0.r and a r e  c l o s e r  toge ther  a t  higher  l a t i t u d e s .  Thus, 
t h e  deviat ion between t h e  two paths increase  a t  higher  l a t i t u d e s  because 
t h e  rhumb l ine  path must curve r a p i d l y  t o  be a b l e  t o  f l y  a course of con- 
s t a n t  meridian crossing angle.  

The bearing of t h e  f l i g h t  path,  which is a simple func t ion  of t h e  l a t i -  
tude and longi tude,  a l s o  has a considerable  e f f e c t  on t h e  d iscrepancies  
between t h e  t w o  f l i g h t  paths. By d e f i n i t i o n ,  a l l  l i n e s  of longi tude are 
a l s o  g r e a t  c i r c l e s .  On a t r u e  north-south f l i g h t  path t h e  great c i rc le  and 
rhumb l i n e  courses a r e  exac t ly  t h e  same. However, as t h e  bearing becomes 
more e a s t e r l y  or wester ly ,  e r r o r s  between g r e a t  c i r c l e  and rhumb l i n e  paths  
s ta r t  t o  increase.  The maximum path e r r o r s  due t o  bear ing alone a r e  on a 
t r u e  east-west course. It is  important t o  note  t h a t  on an east-west course 
a t  t h e  equator t he  g rea t  c i rc le  and rhumb l i n e  f l i g h t  paths  are t h e  same 
because t h e  equator is a l s o  a g r e a t  c i rc le  -path. 

F i n a l l y ,  another  f a c t o r  t h a t  has an e f f e c t  on path discrepancy is t h e  
t r i p  l eng th ,  which is  a l s o  a func t ion  of t h e  l a t i t u d e  and longi tude  of t h e  
two poin ts .  A s  mentioned e a r l i e r ,  t he  g r e a t  c i rc le  and rhumb l i n e  courses 
s tar t  t o  diverge from the  point  of o r i g i n  of t he  f l i g h t  and reach t h e  po in t  
of maximum divergence half  way i n t o  t h e  f l i g h t .  Therefore ,  as t h e  t r i p  
l e n g t h  increases  t h e  paths simply diverge f u r t h e r  till they reach the  ha l f -  
way point .  



I V .  THE MODEL 

The mathematical model which w a s  developed using t h e  haversines  formula 
w a s  obtained from Bowditch ( 2 ) .  The equations developed f o r  t h e  model were 
designed f o r  computer appl ica t ions .  The model i s  based upon a s p h e r i c a l  
approximation of t he  e a r t h  and ad jus ted  using geodesic  e r r o r  equat ions f o r  
t h e  North American datum based on the  Clarke e l l i p s o i d .  The equat ions 
d e s c r i b i n g  t h e  model are given below. 

$1 = Lat i tude  of o r i g i n  i n  degrees 

X1 = Longitude of o r i g i n  i n  degrees 

$2 = Lat i tude  of d e s t i n a t i o n  i n  degrees 

X 2  = Longitude of d e s t i n a t i o n  i n  degrees 

- - ($1 + $2)  -- mid-lat i tude po in t  
2 

Dlo = X 2  - X 1  -- di f fe rence  i n  longi tude 

Dlox = I n t e r v a l  of longi tude measured from po in t  of depar ture  i n  degrees 

A. RHUMB LINE EQUATIONS 

Rhumb l i n e  bearing ( r e l a t i v e  from o r ig in  t o  d e s t i n a t i o n )  

L a t i t u d e  of po in t s  on a rhumb l i n e  path 

= $1 + Dlox'Cos$*Tana 
+(RL) 
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Rhumb l i n e  dis tance 

B. GREAT CIRCLE EQUATIONS 

I n i t i a l  course of the g rea t  c i r c l e  path 

1 Sin(D1o) 
= Tan-1 ( Cos$l*Tan+2 - Sin$l'Cos(Dlo) 

Vertex 

The v e r t e x  i s  the  point  of h ighes t  l a t i t u d e  on a g r e a t  circle pa th  

Dif fe rence  i n  longi tude between ve r t ex  and point  of o r i g i n  

-1 Cos(C) 
Dlov = Sin ~ T G i m l  

La t i tudes  of points on g rea t  c i r c l e  path 

-1 = Tan [Tan(Lv)*Cos(Dlox - Dlov)] 

Great c i rc le  dis tance 

GCDIST = 6 0 * C 0 s - ~  [Sin($ ) -S in (+2)  + COS($~)*~OS($~) -Cos(Dlo)] 
1 
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C. GEODESIC ERROR EQUATIONS 

The geodesic  e r r o r  equat ions between t h e  model and Clarke e l l i p s o i d  

71 
ERROR(east) = [9.12951'Cos(T) - 2.92495'Cos(3T)] *(A2 - A )*- 1 180 

ERROR(north1 = 0.37414*(+2 - $l)*(&) - 8.88543*[Sin(2+2) - Sin(2$1)] 

S i m i l a r  equat ions were a l s o  used by Hogle, Markin and Toth i n  t h e i r  r e p o r t  
'Evaluat ion of Various Navigation Concepts' ( 3 ) .  

V.  RESULTS AND CONCLUSIONS 

The equat ions d e t a i l e d  i n  t h e  previous s e c t i o n  were modeled i n  FORTRAN 
on t h e  Ohio Universi ty  IBM 370 computer. Figures  1 and 2 are s imulat ions 
of great c i rc le  and rhumb l i n e  paths on a iiieicatoi prc jcc t ien .  n - e  results 
i n d i c a t e  t h a t  t h e  discrepancy between the two f l i g h t  paths  can be s i g n i f i -  
cant .  Figure 1 i s  an east-west f l i g h t  path from Baltimore-Washington In te rna-  
t i o n a l  t o  Los Angeles I n t e r n a t i o n a l  a i rpo r t .  A t  t h e  point  of maximum d e v i a t i o n  
t h e  pa th  discrepancy is 126 n a u t i c a l  miles f o r  a t r i p  l e n g t h  of 2017 mi. On 
t h e  o t h e r  hand, a north-south f l i g h t  path from St.  Paul t o  Houston t h e  d iscre-  
pancy a t  t h e  point  of maximum d e v i a t i o n  is only 5.25 nmi f o r  a t r i p  l e n g t h  of 
903 nmi. (Figure 2.) 

Since s h o r t e r  t r i p  lengths  are of major importance t o  t h e  p i l o t  an 
e f f o r t  was made t o  quant i fy  t h e  path e r ro r s  f o r  f l i g h t  paths of up t o  500 
nmi. Figures  3 through 6 i l l u s t r a t e  how the faetcrs m,er?tioned e a r l i e r  
e f f e c t  t h e  path d iscrepancies .  The f l i g h t s  were simulated at a constant  
bear ing with t h e  mid-point of t h e  f l i g h t  a t  t h e  s p e c i f i e d  l a t i t u d e .  Com- 
par i sons  of t h e  p l o t s  i n d i c a t e  t h e  compound e f f e c t  bear ing and l a t i t u d e  of 
t h e  mid-point of a f l i g h t  have on t h e  path e r r o r s .  A f l i g h t  a t  a mid-point 
l a t i t u d e  of 35 degrees nor th  and a r e l a t i v e  bear ing of 76 degrees has maxi- 
mum path e r r o r s  of 1.1 mi f o r  t r i p  lengths of up t o  300 nmi (Fig.  3).  
However, a f l i g h t  a t  t h e  same mid-point l a t i t u d e ,  but a r e l a t i v e  bear ing of 
39 degrees  has maximum path e r r o r s  of more than 6 nmi f o r  t r i p  lengths  up 
t o  450 nmi (Fig. 5 ) .  

It is of v i t a l  importance t o  note  here t h a t  t h e  e r r o r s  mentioned i n  
t h i s  r epor t  are s o l e l y  due t o  the  discrepancies  i n  t h e  g r e a t  circle and 
rhumb l i n e  paths. The e r r o r s  do not  account f o r  r e c i e v e r  computational 
e r r o r s  or  p i l o t  e r r o r s .  Another source of e r r o r  may be d iscrepancies  among 
t h e  e a r t h  models i n  var ious  RNAV recievers.  O f f s e t s  due t o  using d i f f e r e n t  
naviga t ion  systems i n  t h e  same a i r space  a l s o  may cause considerable  dis-  
p a r i t y  (4).  It is recommended t h a t  any d e c i s i o n  made regarding t h i s  s u b j e c t  
must t ake  i n t o  account a l l  discrepancies  mentioned above, and not j u s t  t h e  
goemetr ical  e r r o r s .  
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Figure 1. Great c i r c l e  versus rhumb l i n e .  Baltimore - 
Washington t o  Los AxigePes. 

Figure 2. Great c i r c l e  ve r sus  rhumb l i n e .  
St. Paul  t o  Houston. 

45 



Figure 3 .  Path e r r o r s  ve r sus  t r i p  l e n g t h  a t  average bear ing  76'. 

Figure  4 .  Path e r r o r s  ve r sus  t r i p  l e n g t h  a t  average bea r ing  52 0 . 
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Figure 6.  Path e r r o r s  versus  t r i p  l eng th  a t  average bear ing  18'. 
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INVESTIGATION OF AIR TRANSPORTATION TECHNOLOGY 

A T  PRINCETON UNIVERSITY, 1983 

Robert F. Stengel 

Princeton University 
Princeton, New Jersey 

Department of Mechanical and Aerospace Engineering 

SUMMARY OF RESEARCH 

The Air Transportation Technology Program at Princeton Univer- 
sity, a program emphasizing graduate and undergraduate student 
research, proceeded along four avenues during 1983: 

0 Voice Recognition Technology for Flight Control 

0 Guidance and Control Strategies for Penetration of 
Microbursts and Wind Shear 

0 Application of Artificial Intelligence in 
Flight Control Systems 

0 Computer-Aided Aircraft Design 

Areas of investigation relate to guidance and control of commer- 
cial transports as well as general aviation aircraft. Interac- 
tion between the flight crew and automatic systems is a subject 
of principal concern. 

Computerized voice recognition of pilot inputs could play a 
major role in future air transportation. This capability has 
particular significance for single-pilot instrument-flight opera- 
tions, where one pilot is required to perform all the tasks nor- 
mally assigned to two or three persons in a iarger ailcraft. The 
tasks that can be carried out using voice command are varied; as 
a generality, they can be characterized as the jobs that a cap- 
tain might ask the co-pilot to do, e.g., tuning radios, maintain- 
ing contact with air traffic control, holding altitude, and per- 
forming system status checks. Graduate student Chien Huang 
conducted flight tests in which the DME radio of Princeton's 
Avionics Research Aircraft was tuned by voice (1). Tuning was 
accomplished by sending digital signals from a microprocessor, 
which received inputs from the pilot via the microphone and voice 
recognition board. Initial developments were extended to include 
the statistical evaluation of the system when used with different 
vocabularies, operators, and background noise conditions. 

Recently, it has become apparent that severe downdrafts and 
resulting high velocity outflows present a significant hazard to 
aircraft on takeoff and final approach. This condition is called 
a microburst, and while it often is associated with thunderstorm 



. .  

activity, it also can occur in the vicinity of dissipating con- 
vective clouds that produce no rainfall at ground level. Micro- 
burst encounter is a rare but extremely dangerous phenomenon that 
accounts for one or two air carrier accidents and numerous gen- 
eral aviation accidents each year (on average). Conditions are 
such that an aircraft's performance envelope may be inadequate 
for safe penetration unless optimal control strategies are known 
and applied. While a number of simulation studies have been 
directed at the problem, there are varied opinions in the flying 
community regarding the best piloting procedures, and optimal 
control strategies remain to be defined. 

Graduate student Mark Psiaki has undertaken a study of gui- 
dance and control strategies for penetration of microbursts when 
encounter is unavoidable. It appears that the scale of meteoro- 
logical activity that presents the greatest hazard for transport- 
type aircraft is quite different from that for general aviation 
aircraft. Nevertheless, preliminary investigation has revealed 
commonalities in control laws that reduce altitude response to 
microbursts (2 ) .  Professor Stengel also contributed to the 
National Research Council report on the subject ( 3 ) .  

Undetected system failures and/or inadequately defined recov- 
ery procedures have contributed to numerous air carrier incidents 
and accidents. The infamous DC-10 accident at Chicago's O'Hare 
Airport, in which l o s s  of an engine pod, subsequent loss of sub- 
systems, and asymmetric wing stall led to disaster, provides a 
prototype for the kind of tragedy that could be averted by intel- 
ligent flight control systems. (An intelligent control system is 
one that uses artificial intelligence concepts, e.g., an expert 
systems program, to improve performance and fault tolerance.) 
Although many methods of modern control theory are applicable, 
the scope of the problem is such that none of the existing theo- 
ries provides a complete and practical solution to the problem. 
At the same time, heuristic logic may be applicable, but it has 
yet to be stated in satisfactory format. 

As a first step in our investigation, graduate student Fran- 
cois Dallery has completed an M . S . E .  thesis on reconfigurable 
flight control systems (4). In this work computer simulations 
verify the ability of relatively simple logic to detect and iden- 
tify failures in flight control systems and in the airframe 
itself. Graduate student David Handelman is continuing this work 
with the design of a knowledge-based reconfigurable flight con- 
trol system that will be implemented using parallel microproces- 
sors. 

Work was continued on the Princeton Aircraft Design System 
(PADS), a modular interactive graphics computer program for the 
design of aircraft. The objective is to facilitate the design of 
aircraft configurations ranging from general aviation and glider 
aircraft to supersonic transports and other high-performance air- 
craft. Two students produced reports on various aspects of the 
PADS computer program, which is implemented in the APL computer 
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language using Princeton University' s IBM 3081-based Interactive 
Computer Graphics Laboratory facilities {5 ,6) .  Seniors John 
Schneider and Brian Holasek completed program modules for three- 
dimensional display of aircraft configurations and for the design 
of wing and tail components. 

Additional documentation of prior work occurred during the 
year. A paper on the use of fiber optics in flight control sys- 
tems appeared in the IEEE Transactions on Aerospace and Elec- 
tronic Systems (71, while a summary of work on flying qualities 
criteria for single-pilot instrument flight was presented at the 
SAE Business Aircraft Meeting and Exposition (8). 

-- 

The NASA grant supporting student research in air transporta- 
tion technology has inestimable value in helping educate a new 
generation of engineers for the aerospace industry, and it is 
producing research results that are relevant .to the continued 
excellence of aeronautical development in this country. 

5 3  



REFERENCES AND ANNOTATED BIBLIOGRAPHY 

1. Stengel, R.F., and Huang, C . Y . ,  "Flight Tests of Voice Recog- 
nition Technology", presented at a Meeting of the Voice Tech- 
nology for Systems Application Subgroup of the Department of 
Defense Human Factors Engineering Technical Advisory Group, 
Fort Monmouth, Oct 1983. 

A commercially available voice-recognition module was used 
to tune a DME navigation system in flight tests of Princeton 
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Penetration of a microburst during takeoff or approach is 
an extreme hazard to aviation, but analysis has indicated that 
risks could be reduced by improved control strategies. Atten- 
uation of flight path response to microburst inputs by eleva- 
tor and throttle control was studied for a jet transport and a 
general aviation aircraft using longitudinal equations of 
motion, root locus analysis, Bode plots of altitude response 
to wind inputs, and nonlinear numerical simulation. Energy 
management relative to the air mass, a pitch-up response to 
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The committee reviewed the state of knowledge about low-al- 
titude wind shear, studied the hazards of low-altitude wind 
variability, and recommended actions to reduce the hazards of 
wind-shear encounters. A principal finding was that low-alti- 
tude wind variability presents an infrequent but highly sig- 
nificant hazard to aircraft during takeoff and landing; when 
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significant wind shears are known to be present, pilots should 
avoid flight into the area. In the near term, risks can be 
reduced by improving and automating the Low-Level Wind Shear 
Alert System (LLWSAS) and by installing the system at more 
airports. Education and training of pilots about wind-shear 
hazards are inadequate and should be improved. Better infor- 
mation is required concerning the response to wind shear of 
aircraft of various categories and sizes, taking account of 
the effects of piloting techniques and guidance and control 
systems. Utilization of ground-based Doppler weather radar 
would enhance detection of wind shear in the terminal area. 
Research should be conducted on the meteorological phenomenon, 
on the effects of heavy rain on aircraft aerodynamics, and on 
airborne wind-shear detection systems. 

4. Dallery, F., "Failure Detection and Identification for a Reco- 
nfigurable Flight Control System", M.S.E. Thesis, Princeton 
University Report No. MAE-l639T, Nov 1983. 

This thesis presents a fault-tolerant control system archi- 
tecture that uses analytical and parallel redundancy to 
achieve failure detection, identification, and system reco- 
nfiguration. The proposed system has been dzvelzpec! izld 
tested through extensive numerical simulations. The procedure 
is applied to a mathematical model of a transonic executive 
jet aircraft. The control system is found to provide excel- 
lent stability for standard aircraft sensors of comparable 
noise levels, and performance is found to be sensitive to con- 
trol sampling interval. 

5. Schneider, J., "PADS Multi-View Display Package", Princeton 
University Senior Independent Work Project Report, Jan 1983. 

This multi-view display package uses a node-link data base 
to list, store, and retrieve designs. It displays three-view 
and oblique-view representations of an object described as an 
assemblage of polygons. Graphic examples for a simple air- 
craft configuration are shown. 

6 .  Holasek, B.C., "Princeton Aircraft Design System (PADS): Wing 
and Tail Design Component", Princeton University Senior Inde- 
pendent Work Project Report, Jan 1983. 

Detailed design of a three-dimensional wing or tail section 
can be accomplished using this program module. The wing geom- 
etry is specified by its planform and airfoil sections, allow- 
ing variations in sweep, aspect ratio, taper ratio, twist, 
dihedral, root chord, and tip chord. NACA 4-digit and 5-digit 
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airfoils are stored in the program, and the user can specify 
arbitrary airfoil sections by direct entry. 

7 .  K.A. Farry and R.F. Stengel, "Distributed Processing and Fiber 
Optic Communications in Air Data Measurement", IEEE Trans- 
actions on Aerospace and Electronic Systems, V o l .  AES-19, 
No. 3 ,  May 1983, pp. 467 - 473.  

This paper describes the application of distributed pro- 
cessing, fiber optics, and hardware redundancy to collecting 
air data. Microprocessor-controlled instrumentation packages 
in each wingtip of Princeton's Variable-Response Research Air- 
craft (VRA) collect angle-of-attack and sideslip-angle data in 
digital form. After scaling, filtering, and calibrating the 
data, the wingtip processors send the data to the central pro- 
cessor, located in the VRA'S fuselage, via fiber-optic links. 
The system design is presented, and results of a preliminary 
flight test are discussed. During this flight, over 2000 data 
transmissions occurred without error. The technology shows 
considerable promise for enhancing the reliability and per- 
formance of future flight control systems. 

8. Bar-Gill, A .  , and Stengel, R.F. , "Longitudinal Flying Quali- 
ties Criteria for Single-Pilot Instrument Flight Operations", 
SAE Paper No. 830761 for Business Aircraft Meeting & Exposi- 
tion, Wichita, Apr 1983. 

Experiments to determine the flying qualities of more than 
a dozen dynamic configurations have been conducted using the 
variable-stability Avionics Research Aircraft. Particular 
attention was paid to variations in long-period longitudinal 
characteristics and their effects on the performance of simu- 
lated IFR flights from takeoff through landing. Over the 
range of values tested, lift slope had the greatest effect on 
pilot opinion, workload, and tracking error. Bounds for sat- 
isfactory flying qualities were found for three parameters: 
phugoid mode damping, stick force gradient (with respect to 
trim airspeed), and pitch/airspeed gradient. 
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SPECIAL 
REQUEST) 

FAILURE DETECTION AND IDENTIFICATION FOR A 

RECONFIGURABLE FLIGHT CONTROL SYSTEM 

Francois  Dallery 
Princeton University 
Pr inceton,  New Je r sey  

OVERVIEW OF THE BASELINE CONFIGURATION 

F a i l u r e  d e t e c t i o n  and i d e n t i f i c a t i o n  log ic  f o r  a f a u l t - t o l e r a n t  l o n g i t u d i n a l  
con t ro l  system w e r e  i nves t iga t ed .  
condi t ion  f o r  a hypo the t i ca l  t r anson ic  business j e t  t r a n s p o r t  conf igura t ion .  The 
f a u l t - t o l e r a n t  c o n t r o l  system c o n s i s t s  of  conventional c o n t r o l  and e s t ima t ion  p l u s  
a new "outer  loop" conta in ing  f a i l u r e  de tec t ion ,  i d e n t i f i c a t i o n ,  and reconfigura-  
t i o n  ( F D I R )  l og ic .  I t  is assumed t h a t  t h e  a d d i t i o n a l  l o g i c  has access  t o  a l l  
measurements, as w e l l  a s  t o  t h e  outputs  of the  c o n t r o l  and e s t ima t ion  l o g i c .  The 
p i l o t  a l s o  may command t h e  F D I R  l o g i c  to  perform s p e c i a l  tests. 

A i r c r a f t  dynamics were based upon t h e  c r u i s e  

PARALLEL AND ArlALYTICAL REDUNDANCY 

DETECTION AND IDENTIFICATION OF FAILURES IN:  
- STATE SENSORS 
- CONTROL EFFECTORS 
- CONTROL-EFFECTOR SENSORS 
- AIRFRAFIE CHARACTERISTICS 

TRANSONIC BUSINESS JET EXAMPLE 
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SIMULATION STRUCTURE 

Simulation o f  t h e  f a u l t - t o l e r a n t  Control system w a s  conducted us ing  a genera l -  
The s imula t ion  accounts for  purpose computer and t h e  FORTRAN programming language. 

para l le l  redundancy i n  c o n t r o l  System elements as w e l l  as a n a l y t i c a l  redundancy. 
The l a t t e r  uses t h e  mathematical r e l a t i o n s h i p s  between d i s s i m i l a r  s e n s o r s  t o  iden- 
t i f y  f a i l u r e s  when it is  suspec ted  t h a t  one of two similar senso r s  has  f a i l e d .  It  
uses  t h e s e  same r e l a t i o n s h i p s  t o  d e t e c t  as w e l l  as i d e n t i f y  f a i l u r e s  when t h e r e  i s  
j u s t  one sensor  of  a kind. 
e f f e c t o r s  and f a i l u r e s  o f  t h e  senso r s  t h a t  measure c o n t r o l  e f f e c t o r  p o s i t i o n .  It  
also d e t e c t s  changes i n  a i rc raf t  dynamics, as might r e s u l t  from s t r u c t u r a l  damage. 

The l o g i c  d i s t i n g u i s h e s  between f a i l u r e s  of c o n t r o l  

Initialization 

Lz---- Read Measures 

Control Systems 

Function increment 

A Single FDI 

Effectors FDI 



SINGLE- SENSOR F D I  TREE 

When t h e r e  is  no hardware redundancy remaining, f a i l u r e  d e t e c t i o n  and 
i d e n t i f i c a t i o n  fol lows a t r e e  s t r u c t u r e ,  beginning wi th  t h e  s imples t  mathematical 
r e l a t i o n s h i p s  between d i s s i m i l a r  sensors .  For t h e  m o s t  p a r t ,  a l g e b r a i c  equat ions 
a r e  used; however, it is necessary t o  use a Kalman f i l t e r  t o  d i s t i n g u i s h  between 
angle-of-at tack,  manual-acceleration, and a l t i t u d e  sensor  errors. 
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The hreshold f 

SINGLE-SENSOR STEP- AND RAMP-FAILURE 

DETECTION TIMES 

r f a i l u r e  d e t e c t i o n  w a s  s e t  j u s t  above t..e es t imated  2.5-0 

It  also 
level. 
The procedure genera l ly  w a s  success fu l  i n  d e t e c t i n g  5-0 step f a i l u r e s .  
could d e t e c t  moderately steep (L/4) ramp-type fa i lures ;  as t h e  slope of the ramp 
decreased,  de tec t ion  t i m e s  increased.  

step and ramp f a i l u r e s  were s imulated,  wi th  t h e  r e s u l t s  shown on t h e  f i g u r e .  

Step 2 . 5  o Step 4 .  u Step 5 .  u 
M NO Detection No Detection Det. time = 6.60 sec. 
g No Detection Det. time = 5 . 4 0  sec. Not simulated 
e No Detection No Detection Det. time = 2 1 . 6 0  sec. 
a No Detection 
Z No Detection 
U No Detection 

No Detection 
No Detection 
No Detection 

Det. time = 3 1 . 8 0  sec. 
Det. time = 6.60 sec. 
Det. time = 6.00 sec. 

Nz No Detection No Detection Det. time = 6 . 6 0  sec. 

Ramp L/4 Ramp L/7 Ramp L/10 

M Det. time = 15.00 sec. Not Simulated Det. time = 3 0 . 0 0  sec. 
q Det. time = 11.40 sec. Not Simulated Det. time = 2 4 . 6 0  sec. 
8 Det. time = 2 8 . 2 0  Sec. Z Error detected No detection in 60. sec. 
a Det. time - 2 8 . 2 0  sec. Det. time = 3 4 . 2 0  sec. Det. time = 6 0 . 0  sec. 
Z Det. time = 2 3 . 4 0  sec. Det. time = 3 1 . 2 0  sec. No detection in 60. sec. 
U Det. time = 15.00 sec. Not Simulated Det. time = 2 9 . 4 0  sec. 
Nz Det. time = 15.00 sec. Not Simulated Det. time = 2 9 . 4 0  sec. 



EFFECTOR AND EFFECTOR- SENSOR 

FAILURE DETECTION TIMES 

S imi l a r  tests were made w i t h  errors i n  the  c o n t r o l  e f f e c t o r s  and t h e i r  s enso r s .  
These f a i l u r e s  w e r e  de t ec t ed  quick ly  wi th  4-0 steps, and it w a s  possible t o  d i s -  
t i n g u i s h  r e a d i l y  between f a i l u r e s  i n  the e f f e c t o r s  and t h e i r  a s s o c i a t e d  sensors .  

Additional r e s u l t s  and conclus ions  are contained i n  t h e  t hes i s  by F. Da l l e ry ,  
" F a i l u r e  Detection and I d e n t i f i c a t i o n  f o r  a Reconfigurable F l i g h t  Control System," 
Pr ince ton  Univers i ty  Report N o .  MAE-l639T, Nov. 1983. 

EFFECTOR F A I L U R E S  

Step 2.5 u Step 4. u R a m p  L/4. R a m p  L/10. 

E l e v a t o r  N o  D e t e c t i o n  D . T  = 4.80 sec. D.T = 12.60 sec. D.T = 24.00 sec. 
E n g i n e  No D e t e c t i o n  D.T = 5.40 sec. D.T = 11.40 sec. D.T = 24.00 sec. 

F A I L U R E S  O F  EFFECTOR SENSORS 

Step 2.5 u Step 4. u R a m p  L/4. R a m p  L/10. 

No D e t e c t i o n  D.T = 4.80 sec. D . t  = 11.40 sec. D.T = 24.00 sec. Sensor  

N o  D e t e c t i o n  D.T = 4.80 sec. D.T = 11.40 sec. D.T = 24.00 sec. E n g i n e  
Sensor 
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N87-18530 
AN APPLICATION OF ARTIFICIAL INTELLIGENCE THEORY 

TO RECONFIGURABLE FLIGHT CONTROL 

David A. Handelman 
Princeton University 
Pr inceton,  New Je r sey  

THE NEED FOR INTELLIGENT FLIGHT CONTROL 

Many f a t a l  a i r c r a f t  acc iden t s  appear t o  be t h e  r e s u l t  o f  a misuse of informa- 
t i o n ,  knowledge, or capab i l i t y .  For instance,  a p i l o t  depends on instruments  f o r  
accu ra t e  a i r c r a f t  s t a t u s  information. Inaccurate  or partial  information depr ives  
the  p i l o t  of t h e  resources  necessary t o  safe ly  ope ra t e  t h e  a i r c r a f t ,  and thus  
c o n s t i t u t e s  a misuse of information. S imi la r ly ,  negl igence or inexperience on 
t h e  part  of t h e  p i l o t  r ep resen t s  a misuse of knowledge. F i n a l l y ,  modern gener ic  
j e t  a i r c r a f t  have highly redundant con t ro l  e f f e c t o r s .  
p o s s i b l e  t o  counterbalance t h e  e f f e c t  of a f a i l e d  primary c o n t r o l  e f f e c t o r ,  such 
as an a i l e r o n ,  wi th  a secondary con t ro l  e f f e c t o r ,  such as a t r a i l i ng -edge  f l a p .  
I f  an a i r c r a f t  i s  c o n t r o l l a b l e  fol lowing a f a i l u r e ,  b u t  through a lack of informa- 
t i o n ,  knowledge, o r  a b i l i t y  t h e  p i lo t  f a i l s  t o  c o n t r o l  it, t h i s  r ep resen t s  a 
m i s u s e  o f  c a p a b i l i t y .  

A s  a r e s u l t ,  it may be 

FATAL ACCIDENTS OF U , S I SCHEDULED A I R  CARRIERS, 1961-1979 

0 

0 

REVERSE THRUST WARNING LIGHT MALFUNCTION 

LANDING GEAR WARNING LIGHT MALFUNCTION 

LOSS O F  E L E C T R I C A L  SYSTEM TO A T T I T U D E  I N S T R U M E N T S  

TURBULENCE, A I RFRAME FAI LURE I N FLIGHT 

HYDRAULIC PRESSURE LOSS UNCORRECTED BY PI LOT 

HYDRAULIC SYSTEM DEGRADATION 

RUDDER SUPPORT MATERIAL FAILURE 

RUDDER CONTROL SYSTEM MALFUNCTION 

FLIGHT CONTROL SYSTEM FAILURE 

FAILURE OF ENGINE PYLON 
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RESEARCH OBJECTIVES 

The objec t ive  of t h i s  research  1s t o  use a r t i f i c i a l  i n t e l l i g e n c e  techniques,  
along w i t h  s t a t i s t i c a l  hypothesis  t e s t i n g  and modern c o n t r o l  theory ,  t o  h e l p  t h e  
p i l o t  cope with t h e  i s s u e s  of information,  knowledge, and c a p a b i l i t y  i n  t h e  event  
of a f a i l u r e .  W e  are developing an " i n t e l l i g e n t "  f l i g h t  c o n t r o l  system which 
u t i l i z e s  knowledge of  cause-and-effect r e l a t i o n s h i p s  between a l l  a i r c r a f t  com- 
ponents.  It w i l l  s c reen  the  information a v a i l a b l e  t o  t h e  p i l o t ,  supplement h i s  
knowledge, and most important ly ,  u t i l i z e  t h e  remaining f l i g h t  c a p a b i l i t y  of t h e  
a i r c r a f t  following a f a i l u r e .  The l i s t  of f a i l u r e  types t h e  c o n t r o l  system w i l l  
accommodate includes sensor  f a i l u r e s ,  a c t u a t o r  f a i l u r e s ,  and s t r u c t u r a l  f a i l u r e s .  

PURPOSE 

TO INVESTIGATE THE POSSIBLE CONTRIBUTION OF A R T I F I C I A L  
INTELLIGENCE TECHNIQUES TO AIRCRAFT FAILURE DETECTION, 
1I)ENTIFICATIONj AND RECONF! GURATION (FD I R >  

MOT I VAT I ON 

MOST EXISTING FDIR SCHEIES CAN HANDLE ONLY A SUBSET OF 
ALL  POSSIBLE AIRCRAFT FAILURES 

FEW EXISTING FDIR SCHEMES INCORPORATE HUMAN-LIKE COMMON 
SENSE OR KNOWLEDGE RELATING ALL AIRCRAFT COMPONENTS 

REDUNDANCY IN MODERN AIRCRAFT MAY PERMIT RECOVERY FROM 
SEVERE FA1 LURES 



ASSUMPTIONS 

STATES 
I 

EFFECTORS 
CONTROL 

8 GAINS I 
+POSITIONS 

SENSORS + -3 I I 

I n  o rde r  t o  adapt  t o  s i g n i f i c a n t  fa i lure- induced changes i n  t h e  conf igu ra t ion  
of  t h e  a i r c r a f t ,  t h e  c o n t r o l  system must have a variable s t r u c t u r e .  A fly-by-wire 
f l i g h t  c o n t r o l  system can be reconfigured by supplying new mathematical  models and 
ga ins  t o  t h e  computer, thus  a c o n t r o l  system of t h i s  form is  assumed. N o t e  t h a t  t he  
p i l o t  f l i e s  t h e  a i r c r a f t  v i a  t h e  f l i g h t  computer and has no d i r e c t  l i n k  t o  t h e  con- 
t r o l  su r faces .  It  is e s s e n t i a l ,  t h e r e f o r e ,  t h a t  t h e  f l i g h t  computer have t h e  model 
and ga ins  corresponding t o  t h e  a c t u a l  a i r c r a f t  conf igura t ion .  Assuming t h a t  a 
f a i l u r e  w i l l  s i g n i f i c a n t l y  change t h e  conf igura t ion ,  it w i l l  be t h e  job  of t h e  
knowledge-based reconf iyurable  f l i g h t  cont ro l  system (KBRFCS) t o  r ep lace  t h e  pre- 
f a i l u r e  model wi th  t h e  c o r r e c t  model. 

BASIC FLY-BY-WIRE FLIGHT CONTROL SYSTEM 

STATE - SPACE MODEL 

G(K), B(K) = DETERMINISTIC BIASES 

w(K), !(K) = INDEPENDENT, ZERO-MEAN GAUSSIAN 
- 

WHITE NOISE PROCESSES 

EL(K)y(J)T] = Q(K)~,, 

E['(K)y(J)T] = R(K)~,, 
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A PROCEDURE FOR INTELLIGENT FAILURE MANAGEMENT 

One method of dea l ing  wi th  t h e  problem of f a i l u r e  d e t e c t i o n ,  i d e n t i f i c a t i o n ,  
and reconf igura t ion  (FDIR) is t h e  fOllOWing. The KBWCS supe rv i se s  a i r c r a f t  behavior  
u n t i l  some abnormality occurs ,  a t  which t i m e  a f a i l u r e  a l e r t  i s  given. The system 
then  a l l o c a t e s  i t s  resources  to  best se rve  t h e  problem-solving process .  This  w i l l  
be important  i f  implementation r equ i r e s  a multi-microprocessor environment. Next, 
t he  system t r i e s  t o  diagnose exac t ly  what has f a i l e d .  Concurrent ly ,  immediate and 
temporary measures are taken t o  h e l p  reduce t h e  e f f e c t  o f  t h e  f a i l u r e  dur ing  diag- 
nos is .  An example of such compensation would be t h e  d e f l e c t i o n  of a f l a p  t o  o f f s e t  
a sudden, unexplained r o l l .  When t h e  f a i l u r e  is  i d e n t i f i e d ,  t h e  b e s t  c o n t r o l  con- 
f i g u r a t i o n  given the  p re sen t  circumstances is chosen and r econf igu ra t ion  begins .  
F i n a l l y ,  t h e  new c o n t r o l  scheme is  implemented. 

I 

I 
TIME 

\1 I 

ALLOCATIOIV 

----I-- I DIAGNOSIS 

1 
R E C O ~ F  I G URAT I ON 

COMPENSATION 

i 

NORMA, 
OPERATION 
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FAILURE DETECTION AND DIAGNOSIS PROBLEMS 

The easiest way to  d e t e c t  and i d e n t i f y  a sensor  f a i l u r e  i s  t o  compare th ree  
sensors  which measure t h e  same quant i ty .  
s i v e ,  however. I n  t h e  l e s s  expensive duplex system a f a i l u r e  i s  easy t o  d e t e c t  b u t  
hard to  i d e n t i f y .  Funct ional  redundancy between unique sensors  can be exp lo i t ed  t o  
f u r t h e r  reduce c o s t s .  
p i t c h  rate information;  t he re fo re ,  t he  s igna l s  can be compared t o  d e t e c t  a f a i l u r e  
i n  one of t h e  t w o  components. Although seemingly s t r a igh t fo rward ,  t hese  F D I  tech- 
niques can run i n t o  problems. Consider a t r i p l e x  system i n  which two of  t h e  sensors  
are powered f r o m  one e l e c t r i c a l  source and the t h i r d  sensor  from a d i f f e r e n t  source.  
I f  t h e  t r i p l e x  FDI scheme i d e n t i f i e d  a f a i l u r e  by s i n g l i n g  o u t  t h e  one sensor  which 
d i f f e r e d  f r o m  t h e  o t h e r  t w o ,  a power f a i l u r e  t o  the  f i r s t  t w o  sensors  would be m i s -  
construed as a f a i l u r e  of t h e  t h i r d .  This br ings up the  need f o r  t he  incorpora t ion  
of i n t e l l i g e n c e  i n t o  t h e  f a i l u r e  d iagnos is  process,  an i n t e l l i g e n c e  which w i l l  
recognize when such "higher-order" r e l a t i o n s  among d i f f e r e n t  elements of t h e  air- 
c r a f t  e x i s t .  

Such a t r i p l e x  system can be very expen- 

For example, a rate gyro and an accelerometer  can each provide 

DIRECT REDUNDANCY FUNCTIONAL REDUNDANCY 

TRI PLEX 
COMPARE 

R A T E  GYRO A C C E L E R O M E T E R  

kL? COMPARE 

D u P L E x 
'1 &-' 

COMPARE 
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SOME EXISTING FAILURE DETECTION AND DIAGNOSIS SOLUTIONS 

When the  at tempt  i s  made t o  d e t e c t  and diagnose a l l  types of  f a i l u r e s ,  n o t  
simply sensor  f a i l u r e s ,  i t  is  necessary t o  use a l l  t he  a n a l y t i c a l  redundancy a v a i l -  
ab l e .  The general ized l i ke l ihood  r a t i o  (GLR) method and the  mul t ip l e  model (MM) 
method a r e  two algori thms which use t h i s  redundancy t o  choose, from a f i n i t e  se t  of 
a l t e r n a t i v e s ,  t h e  mathematical model which b e s t  p r e d i c t s  t h e  actual a i r c r a f t  
behavior .  I n  F D I  t he  s e t  of a l t e r n a t i v e s  would be the  set  of  f a i l u r e s  one hopes 
t o  d e t e c t  and i d e n t i f y .  The GLR method i s  w e l l  s u i t e d  t o  f a i l u r e  d e t e c t i o n ,  whi le  
t h e  MM method is more e f f e c t i v e  a t  f a i l u r e  i d e n t i f i c a t i o n .  Therefore ,  one way t o  
accomplish FDIR would be t o  f i r s t  d e t e c t  a f a i l u r e  with t h e  GLR, then run t h e  MM 
a lgor i thm t o  choose t h e  proper  model from t h e  se t  of a l l  poss ib l e  f a i l u r e  models. 

GENERALIZED LIKELIHOOD RATIO (GLR) METHOD 

BASIS 
DIFFERENT ABRUPT CHANGES PRODUCE DIFFERENT EFFECTS ON FILTER INNOVATIONS 

ADVANTAGES 
0 LIKELIHOOD CALCULATIONS BASED ON SINGLE NOMINAL KALMAN FILTER 

0 WITH MAGNITUDE OF FAILURE KNOWN, SIMPLIFIED GLR (SGLR) RESULTS I N  VERY 
LOW COMPUTATIONAL LOAD 

0 EFFECTIVELY DETECTS ABRUPT CHANGES 

DISADVANTAGES 

0 ACCOMMODATES ADDITIVE EFFECTS ON SINGLE NOMINAL MODEL ONLY 

MULTIPLE MODEL (MM) METHOD 

OPERATION 

0 OBSERVE U(K) AND Y(K) 

0 CHOOSE MOST LIKELY MODEL FROM F I N I T E  SET OF HYPOTHESES 
0 RECURSIVE PROBABILITY FORMULA FROM BAYES' RULE 

ADVAN TAG E s 

0 ALLOWS PARAMETRIC AS WELL AS ADDITIVE CHANGES 
0 COMPARES MODELS OF DIFFERENT ORDER 

0 ROBUST TO NON-GAUSSIAN STATISTICS 

DISADVANTAGES 

0 HIGH COMPUTATIONAL BURDEN 
0 BANK OF KALMAN FILTERS 
0 SWITCH DETECTION REQUIRES GROWING NUMBER OF FILTERS 
0 SLOW RESPONSE TO MODEL SWITCHES 



AN ALTERNATE SOLUTION 

The KBRFCS w i l l  be expected t o  handle many types of  f a i l u r e s .  Each f a i l u r e  
w i l l  change t h e  a i rcraf t  conf igura t ion  i n  a unique way and w i l l  t h e r e f o r e  have a 
unique model a s soc ia t ed  with it. If t h e  previously mentioned F D I R  scheme is  
employed, t h e  MM a lgori thm w i l l  be requi red  to choose from among thousands of 
models. Although t h i s  may be a t h e o r e t i c a l l y  f e a s i b l e  s o l u t i o n ,  it w i l l  r e q u i r e  
an  immense amount of  computing power. O u r  goals inc lude  eventua l  implementation 
and f l i g h t  t e s t i n g  of the  con t ro l  system, and computer resources  must be kept t o  a 
minimum. I f  t h e r e  w a s  a way t o  l e t  the  MM algorithm tes t  only those  models corre-  
sponding to  f a i l u r e s  which are m o s t  l i k e l y  under t h e  circumstances,  t h e  r equ i r ed  
computer speed could be d r a s t i c a l l y  reduced. I n  t h e  KBRFCS, t h i s  important  diag- 
n o s t i c  tool t akes  t h e  form of an expe r t  system. 

NOMINAL ACTUAL 
SI MPLI F I ED MODEL MODEL 
GENERALIZED 
LIKELIHOOD 
PAT ! G 

WARNING, SENSORS 
REASONABLE- ,( @ g NESS 

FAILURE 

KNOWLEDGE BASE 
4 

FAILURE 
CANDIDATES 

NOMINAL 
MODEL 
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THE EXPERT SYSTEM 

The job  of t he  expe r t  system is  t o  narrow down t o  a reasonable  number t h e  l i s t  
of p o s s i b l e  f a i l u r e s  t o  be t e s t e d  by t h e  MM a lgori thm. 
beyond a prespec i f ied  warning l e v e l ,  o r  i f  it JUmpS too  quick ly ,  or i f  a s ta te  o r  
observa t ion  bias  jump is picked up by t h e  GLR, a f a i l u r e  i s  de tec t ed  and t h i s  
information is passed on t o  t h e  expe r t  system. With knowledge of t h e  cause-and- 
e f f e c t  r e l a t ionsh ips  among a l l  a i r c r a f t  components and common-sense f a i l u r e  
d iagnos is  ru les ,  t he  expe r t  system decides  which f a i l u r e s  a r e  m o s t  l i k e l y  t o  have 
occurred. 

When a sensor  value goes 

FLAGS 

RULES 56 
F A I L U R E  L I S T  

A U X I L I A R Y  SENSORS MOST PROBABLE 
SYSTEM F A 1  LURES JUMP F L I G H T  SENSORS 

1' 
R E L A T I O N A L  KNOWLEDGE 

OF A I R C R A F T  
(GLOBAL DATA BASE)  
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THE GLOBAL DATA BASE AND THE RULES 

SUPPORT 

The a i r c ra f t  r e l a t i o n a l  knowledge is contained i n  t h e  g loba l  data base. The 
r u l e s  combine t h i s  knowledge w i t h  h e u r i s t i c ,  common-sense reasoning t o  diagnose a 
f a i l u r e .  The fol lowing example i l l u s t r a t e s  t h e  type  o f  r u l e s  t h e  e x p e r t  system 
conta ins .  

\SENSRAIL&ON 

4 

Rule I f  a senso r  (such as an a i l e r o n  pos i t i on  senso r )  has  exceeded i t s  - 
#1 expected va lue  and t h a t  sensor  senses an  e f f e c t o r  (such as a n  a i l e r o n )  

and no s ta tes  ( inc luding  r o l l  rate) have exceeded t h e i r  expected va lues  
then  - a sensor  f a i l u r e  i s  l i k e l y  and an  e lectr ical  suppor t  ( f o r  t h a t  

I senso r )  f a i l u r e  is l i k e l y .  
1 

H Y D R A U L I C  

Rule I f  a senso r  has  exceeded i ts  expected va lue  and t h a t  sensor  senses  an - 
#2 e f f e c t o r  and t h a t  e f f e c t o r  s t rong ly  e f f e c t s  a s t a t e  which has  exceeded 

i t s  expected va lue  
then  - an e f f e c t o r  f a i l u r e  is  l i k e l y .  

These r u l e s  show how t h e  expe r t  system can d i s t i n g u i s h  between a f a i l e d  e f f e c t o r  
which is  sensed and a f a i l e d  sensor .  

b 

S E N S H Y D R A U L I C  
I -  

KBRFCS GLOBAL DATA BASE 

B A T T E R Y  1 
B A T T E R Y  2 

CONTROLS ACTUAT E5 EFFECTS FORCES 
CONTROL ACTUATOR EFFECTOR FORCE STATE 

; I 
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KNOWLEDGE-BASED RECONFIGURABLE FLIGHT CONTROL SYSTEM 

SYSTEM/ 

P I L O T  

Although the  expe r t  system Contains many r u l e s ,  only a s m a l l  number of them 
w i l l  be p e r t i n e n t  t o  a given f a i l u r e  a t  a g iven  p o i n t  i n  t h e  d i a g n o s t i c  process. 
For example, i f  a f a i l u r e  i s  d e t e c t e d  and no state b i a s  jumps w e r e  observed by t h e  
GLR t e s t ,  t h e  exper t  system should n o t  W a s t e  t i m e  t e s t i n g  r u l e s  which depend on the 
ex i s t ence  of  a s t a t e  b i a s  jump i n  o rde r  t o  be t r u e .  The " r u l e  i n t e r p r e t e r s "  pro- 
v ide  t h e  cont ro l  s t r u c t u r e  needed t o  select t h e  appropr i a t e  r u l e s  t o  be t e s t e d .  
With t h e  exper t  system complete, t h e  KBRFCS becomes an i n t e l l i g e n t  and va luab le  
mechanism capable of  accommodating f a i l u r e s  t h a t  a p i l o t  may n o t  be able t o  handle  
a lone.  

RULE INTERPRETERS 
0 SYSFDI 0 M/IFDI 0 COMPENSATION 

0 A/DFDI 0 STRFDI 0 RECONFIGURATION 
0 SENFDI 0 ALLOCATION 0 IMPLEMENTATION 

DATA MANAGEMENT SYSTEM RULES 
0 SGLR 0 PRUNING 
0 flfl 0 STOPPING 

GLOBAL 
DATA 
BASE 

INTERFACE 
1 

L] 11-44 I 

\ 

I 1  SENSORS 
D I S P L A Y  

RESEARCH WORK SCHEDULE 

d/ 

0 THEORETICAL DEVELOPMENT 

0 NOMINAL MODEL SELECTION 

0 FAILURE SET GENERATION 

0 GAIN CALCULATION 

0 KNOWLEDGE GENERATION THROUGH GLR, SGLR, 
AND MM TESTING 

0 GENERAL RULE DEVELOPMENT 

0 GLOBAL DATA BASE DEVELOPMENT 

0 SPECIFIC RULE DEVELOPMENT 

0 RULE INTERPRETER DEVELOPMENT 

0 MULTI-MICROPROCESSOR SIMULATION 
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DEVELOPMENT OF CONTROL STRATEGIES FOR SAFE MICROBURST PENETRATION: 

A PROGRESS REPORT 

Mark L. Ps i ak i  
Mechanical and Aerospace Engineering Department 

Pr ince ton  University 
Pr ince ton  , New Je r sey  

REVIEW OF WORK DONE PRIOR TO SEPTEMBER 1983 

A microburs t ,  a downburst of ho r i zon ta l  e x t e n t  less than  3 m i l e s ,  c o n s i s t s  of a 
v e r t i c a l l y  descending column of  a i r  t h a t  spreads o u t  h o r i z o n t a l l y  as it h i t s  t h e  
ground. A p e n e t r a t i n g  a i r c r a f t  f i r s t  encounters a headwind which causes  a pi tch-up 
and a rise above t h e  f l i g h t  path.  Then i t  experiences a shea r  of t h e  headwind t o  a 
t a i lw ind  a long  wi th  a downdraft, both of  which cause it t o  f a l l  below t h e  g l i d e  
pa th  . 

A nonl inear  s imula t ion  of  t he  long i tud ina l  equat ions  of  motion of a J e t  Trans- 
p o r t  a i rcraf t  t h a t  inc ludes  wind inpu t s  was  used t o  s tudy t h e  t r a n s i e n t  response t o  
a microburst .  These were compared t o  plots of t h e  a i r c r a f t ' s  frequency response t o  
wind inpu t s  as generated from a l i n e a r i z e d  model. 

Various loop c losu res  were s t u d i e d  using r o o t  locus  a n a l y s i s  and the  above- 
mentioned frequency response and t r a n s i e n t  response p l o t s .  Feedback of a i r - r e l a t i v e  
s p e c i f i c  energy ra te  t o  t h e  t h r o t t l e  yielded improvements i n  frequency response,  b u t  
n o t  i n  t r a n s i e n t  response t o  microburst  due t o  t h r o t t l e  s a t u r a t i o n .  
( t h e  normal load  f a c t o r )  or  a i r speed  (with wrong s i g n )  t o  t h e  e l e v a t o r  y i e l d e d  
improvements both i n  frequency response and i n  t r a n s i e n t  response t o  microburst .  

Feedback of  sa 

MICROBURST WIND SHEAR HAZARD 

NONLINEAR L O N G I T U D I N A L  S I M U L A T I O N  

BODE PLOTS OF FREQUENCY RESPONSE TO WIND I N P U T S  

EFFECTS OF VARIOUS LOOP CLOSURES 
+ ROOT L O C I  
+ FREQUENCY RESPONSE 
* NONLINEAR TRANSIENT RESPONSE 
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WORK DONE SINCE SEPTEMBER 1983 

A s ingle-engine,  p rope l le r -dr iven ,  genera l -av ia t ion  model w a s  incorpora ted  i n t o  
the  non l inea r  s imula t ion  and i n t o  t h e  l i n e a r  a n a l y s i s  of  r o o t  l oc i  and frequency 
response.  Fu l l - sca l e  wind tunnel  data provided i ts  aerodynamic model, and t h e  
t h r u s t  model included t h e  a i r speed  dependent e f f e c t s  of power and p r o p e l l e r  
e f f i c i e n c y .  

Also, t h e  parameters of t h e  Jet  Transport  model w e r e  changed t o  correspond 
more c l o s e l y  t o  a Boeing 727. 

I n  o r d e r  t o  s tudy t h e i r  e f f e c t s  on s teady-s ta te  response t o  ver t ical  wind 
inpu t s ,  a l t i t u d e  and t o t a l  s p e c i f i c  energy ( a i r - r e l a t i v e  and i n e r t i a l )  feedback 
c a p a b i l i t i e s  were added t o  the  nonl inear  and l i n e a r  models. 

Mult i loop systems design goa l s  were defined. Attempts were made t o  develop 
c o n t r o l l e r s  which achieved t h e s e  goa ls .  

INCORPORATION OF GENERAL A V I A T I O N  (GA) MODEL 

IMPROVEMENT OF JET TRANSPORT (JT) MODEL 

CONSIDERATION OF A L T I T U D E  AND T O T A L  ENERGY T Y P E  
FEEDBACK 

ATTEMPT A T  MULTILOOP CONTROLLER D E S I G N  
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EFFECTS OF ALTITUDE/ENERGY FEEDBACK 

I n  t h e  l i t e r a t u r e  one f i n d s  the  a l t i t u d e  error being f ed  back t o  t h e  e l e v a t o r  
t o  a t t e n u a t e  response to  v e r t i c a l  wind inputs .  For t h e  purposes of  t h i s  s tudy ,  t h i s  
does n o t  work w e l l  due t o  s t a b i l i t y  l i m i t a t i o n s  imposed by t h e  non-minimum phase 
r e l a t i o n  between t h e  e l e v a t o r  and t h e  a l t i t u d e  and by t h e  e f f e c t s  o f  be ing  on t h e  
backside o f  t h e  power curve.  

Feedback of t o t a l  a i r - r e l a t i v e  specific energy t o  t h e  t h r o t t l e  s a t i s f a c t o r i l y  
s t a b i l i z e s  t h e  n e u t r a l l y  stable a l t i t u d e  mode. Addition of  energy rate feedback t o  
t h e  loop provides  f u r t h e r  s t a b i l i t y  improvements and improves t r a n s i e n t  response t o  
microbursts  by adding l e a d  information. 

ALTITUDE-TO-ELEVATOR LOOP 

1) TOTAL AIR-RELATIVE SPECIFIC ENERGY-TO-THROTTLE LOOP 

TOTAL AIR-RELATIVE SPECIFIC ENERGY-PLUS-TOTAL A I R -  
RELATIVE SPECIFIC ENERGY RATE-TO-THROTTLE LOOP 
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ROOT LOCUS , PHUGOID POXTION, H,-PLUS-~,-TO-~T FEEDBACK 

POLE 

Although t h e  rigid-body l o n g i t u d i n a l  motion of t h e  a i r c r a f t  and t h e  engine 
dynamics and a l t i t u d e  feedback y i e l d  a s ix th -o rde r  system, t h e  root locus f o r  feed- 
back of s p e c i f i c  energy t o  t h r o t t l e  resembles t h a t  of a second-order system. This  
i s  because t o t a l  s p e c i f i c  energy v a r i e s  l i t t l e  wi th  phugoid o r  s h o r t  pe r iod  o s c i l -  

t h e  l e f t  of the engine dynamics pole ,  t h e  r o o t  locus  resembles t h a t  of  a f i r s t - o r d e r  
system and des i r ab le  s t a b i l i t y  c h a r a c t e r i s t i c s  can be achieved. 

I l a t i o n s .  By adding s p e c i f i c  energy ra te  feedback such t h a t  t h e  new zero  is j u s t  t o  

I D  
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MULTI-LOOP CONTROLLER DESIGN 

Examination of open-loop frequency response and t r a n s i e n t  response to  micro- 
b u r s t s  y i e lded  t h r e e  main r e s u l t s .  

1. 

2. 

3.  

Open-loop a i rc raf t  response to  t h e  head/ ta i l  wind shea r  of  a microburst  
is extreme when t h e  c h a r a c t e r i s t i c  frequency o f  t h e  microburst  is  near  
t h a t  of  t h e  phugoid's n a t u r a l  frequency. 

Open-loop response t o  the  h e a d / t a i l  wind shea r  is  s t i l l  unacceptably high 
for  e x c i t a t i o n  frequencies  below t h a t  of t h e  phugoid. 

Response t o  t h e  down d r a f t  resembles t h a t  of  an i n t e g r a t o r  responding t o  
a f in i te -wid th  impulse and can be unacceptably high f o r  t he  open-loop case  
and t y p i c a l  microbursts.  

The s t a t e d  design c r i t e r i a  w e r e  developed with a l l e v i a t i o n  of t h e s e  e f f e c t s  i n  mind. 

The f i r s t  of t h e  t w o  c o n t r o l  laws attempts t o  s a t i s f y  t h e  f i r s t  t w o  design 
c r i t e r i a ,  while  t h e  second con t ro l  l a w  does a reasonable  job of s a t i s f y i n g  a l l  
t h r e e  c r i t e r i a ,  provided t h e  a i r c r a f t  does not s t a l l .  

0 DEVELOPMENT OF WIND SHEAR ATTENUATION D E S I G N  C R I T E R I A  

-+ INCREASE I N  PHUGOID DAMPING 
-+ E L I M I N A T I O N  OF INTEGRATION RESPONSE TO V E R T I C A L  

WIND I N P U T  
-+ REDUCTION OF LOW FREQUENCY RESPONSE TO HORIZONTAL 

WIND I N P U T S  

M U L T I  -LOOP-CONTROLLERS 
-+ e i -TO- 'E  AND H a -  TO -'T 
-+ G-PLUS-Y~-  TO - 6~ AND H,-PLUS-~,-TO-~T 
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ALTITUDE FREQUENCY RESPONSE TO HORIZONTAL AND VERTICAL WIND 

INPUTS WITH $-PLUS-Y~-FEEDBACK TO- 6~ 

AND H,-PLUS-~~-FEEDBACK TO 6~ 

The e f f e c t s  of two multi- loop control  l a w s  on frequency response,  both t o  
v e r t i c a l  and t o  ho r i zon ta l  wind i n p u t s ,  a r e  shown he re  i n  comparison with t h e  open- 
loop case.  
t he  a l t i t u d e  mode po le  and r a i s i n g  the  low-frequency s lopes  of both p l o t s  by 20 dB/ 
decade. 
h o r i z o n t a l  wind input .  
resonant  peak a t  the  phugoid n a t u r a l  frequency. 
t he  n a t u r a l  frequency of  t he  phugoid, t h u s  lowering t h e  peak response t o  h o r i z o n t a l  
wind inpu t s ,  b u t  t h i s  loop also raises the low-frequency response to  ver t ical  wind 
inpu t s  because of t h e  e f f e c t s  of being on t h e  backside of  t h e  power curve. 

The feedback of Ha-to-6T changes t h e  o rde r  of t h e  system, s t a b i l i z i n g  

Addition of an ka-to-6T loop fu r the r  lowers t h e  low-frequency response t o  
Feedback of O i - t O - 6 E  or  $+-plUS-yi-tO-6E e l i m i n a t e s  t h e  

Feedback of ~CX-plUS-yi-tO-6E lowers 

0.01 0.1  1.0 FREQUENCY 
(RADISEC) 

0.01 0.1  1 I 0 FREQUENCY 
(RAWSEC) 
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TRANSIENT RESPONSE TO MICROBURST WITH ~ c ~ - P L u s - ~ ~ - T o - ~ E  FEEDBACK 

AND H,-PLUS-~,-TO-~E FEEDBACK 

These s imula t ion  r e s u l t s  of approach t r a j e c t o r i e s  through a microburst  tuned 
t o  the  j e t  t r a n s p o r t  phugoid show t h a t  t h e  cont ro l  l a w  which s a t i s f i e d  a l l  t h r e e  
design c r i t e r i a  also y ie lded  t h e  b e s t  t r a j e c t o r y  t r a c k i n g  performance i n  t r a n s i e n t  
response t o  a microburst .  Nei ther  c o n t r o l  law y ie lded  as l o w  a t r a n s i e n t  response 
as w a s  p red ic t ed  by t h e  frequency response p l o t s  because t h r o t t l e  s a t u r a t i o n  
occurred i n  both cases .  

OL 
1,500 

500 

0 
0 

AND 
FEEDBACK 

8 J  OOG 
RANGE (FEET) 

16 000 
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I COMPARISON O F  OPEN-LOOP AND CLOSED-LOOP TRANSIENT 

I RESPONSE TO MICROBURST FOR TWO AIRCRAFT 

These s imulat ion r e s u l t s  of approach t r a j e c t o r i e s  through a microburst  compare 
both open-loop and closed-loop curves f o r  both t h e  genera l -av ia t ion  and j e t  t r a n s -  
p o r t  a i r c r a f t .  The genera l -av ia t ion  response t o  t h e  h e a d / t a i l  wind shea r  is  lower 
i n  both t h e  open-loop and closed-loop cases  because t h i s  microburst  is  tuned t o  the 
j e t  t r a n s p o r t ' s  phugoid, and t h e r e f o r e  f o r c e s  t h e  genera l -av ia t ion  a i r c r a f t  a t  a 
frequency f a r  below i ts  phugoid n a t u r a l  frequency. The genera l -av ia t ion  response 
t o  t h e  downdraft, however, i s  more severe  because of i t s  lower wing loading  and i ts  
lower nominal v e l o c i t y  ( longer  time i n  t h e  downdraft) .  I n  t h e  closed-loop case ,  
t h i s  causes  the genera l -av ia t ion  a i r c r a f t  t o  s t a l l  because of t h e  cCY.-plUS-yi-tO-6E 
feedback loop. 
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CONCLUSIONS 

Although exac t  p red ic t ion  of t r a n s i e n t  response using frequency response plots 
is n o t  p o s s i b l e  due to  c o n t r o l  s a t u r a t i o n  and t h e  s t eady- s t a t e  na tu re  of  t h e  p l o t s ,  
frequency response to  wind shear  i s  a usefu l  t o o l  f o r  c o n t r o l  l a w  eva lua t ion .  
Because throt t le  s a t u r a t i o n  and a i r c r a f t  s t a l l  l i m i t s  are s i g n i f i c a n t  f a c t o r s  i n  
determining .microburst  pene t r a t ion  c a p a b i l i t y ,  nonl inear  s imula t ion  of  microburst  
encounter i s  e s s e n t i a l  t o  t h e  eva lua t ion  of cont ro l  l a w s .  The b e s t  mult i - loop 
c o n t r o l  l a w  t e s t e d  t o  da t e  incorporated both energy management r e l a t i v e  t o  t h e  a i r  
mass v i a  t h r o t t l e  and a pitch-up response t o  decreasing a i r speed .  

CORRELATION BETWEEN BODE FREQUENCY RESPONSE PLOTS 
AND SIMULATION RESULTS 

SIGNIFICANCE OF THROTTLE SATURATION AND AIRCRAFT 
STALL NONLINEARITIES TO PERFORMANCE L I M I T S  

NEED FOR NONLINEAR SIMULATIONS 

IMPORTANCE OF ENERGY MANAGEMENT RELATIVE TO THE 
AIR-MASS FOR TRAJECTORY TRACKING 

BENEFIT OF PITCH-UP RESPONSE TO DECREASING AIRSPEED 
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PLANNED FUTURE WORK 

The c u r r e n t  microburst  model has only t h e  basic f e a t u r e s  of  t h e  headwind, 
downdraft, and t a i lw ind  sequence. Bet ter  m o d e l s ,  based upon meteoro logica l  data, 
are becoming a v a i l a b l e  and should be used to  eva lua te  f i n a l  designs.  

There remains some ques t ion  as t o  t h e  v a l i d i t y  of  t h e  p o i n t - a i r c r a f t ,  quasi-  
s teady  aerodynamics model which is  used by m o s t  r e sea rche r s  i n  t h i s  f i e l d .  Again, 
a thorough v a l i d a t i o n  of  t h e  model must be made be fo re  any f i n a l  conclusions are 
reached. 

Wind shea r  e s t ima t ion  and cance l l a t ion  of wind shear-induced forces and moments 
i n  a feed-forward c o n t r o l  l a w  are possibly u s e f u l  approaches t o  safer microburst  
encounter.  

A s  y e t ,  t h e  b e s t  p o s s i b l e  performance of  an a i r c r a f t  dur ing  microburst  encounter  
has  n o t  been determined. This  ca l cu la t ion  is  a lengthy,  b u t  s t r a igh t fo rward  appli- 
c a t i o n  of nonl inear  opt imal  c o n t r o l  theory. It  will demonstrate the limits of  t h e  
performance envelope and w i l l  pos s ib ly  lead t o  t h e  development o f  prev ious ly  unknown 
techniques f o r  s a f e  microburst  penetrat ion.  A l s o  s t o c h a s t i c  op t imal  c o n t r o l  tech-  
niques may b e  use fu l  t o  t h e  development of p r a c t i c a l  c o n t r o l  l a w s  which a t t e n u a t e  
t h e  a i r c r a f t  response t o  a microburst .  

IMPROVE MICROBURST MODEL 

CHECK V A L I D I T Y  OF QUASI-STEADY, P O I N T  AERODYNAMIC MODEL 

STUDY FEED-FORWARD CONTROL 
1, WIND SHEAR E S T I M A T I O N  
2,  GENERALIZED FORCE CANCELLATION 

APPLY O P T I M A L  CONTROL THEORY 
1, TRUE OPTIMUM - REQUIRES KNOWLEDGE OF FUTURE 

DISTURBANCE 
P R A C T I C A L  OPTIMUM - DISTURBANCE TREATED A S  
RANDOM 

2,  
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